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Under normal hearing conditions, comparisons of the sounds reaching each ear are critical
for accurate sound localization. Asymmetric hearing loss should therefore degrade spatial
hearing and has become an important experimental tool for probing the plasticity of the
auditory system, both during development and adulthood. In clinical populations, hearing
loss affecting one ear more than the other is commonly associated with otitis media
with effusion, a disorder experienced by approximately 80% of children before the age of
two. Asymmetric hearing may also arise in other clinical situations, such as after unilateral
cochlear implantation. Here, we consider the role played by spatial cue integration in sound
localization under normal acoustical conditions. We then review evidence for adaptive
changes in spatial hearing following a developmental hearing loss in one ear, and show
that adaptation may be achieved either by learning a new relationship between the altered
cues and directions in space or by changing the way different cues are integrated in the
brain. We next consider developmental plasticity as a source of vulnerability, describing
maladaptive effects of asymmetric hearing loss that persist even when normal hearing is
provided. We also examine the extent to which the consequences of asymmetric hearing
loss depend upon its timing and duration. Although much of the experimental literature
has focused on the effects of a stable unilateral hearing loss, some of the most common
hearing impairments experienced by children tend to fluctuate over time. We therefore
propose that there is a need to bridge this gap by investigating the effects of recurring
hearing loss during development, and outline recent steps in this direction. We conclude
by arguing that this work points toward a more nuanced view of developmental plasticity,
in which plasticity may be selectively expressed in response to specific sensory contexts,
and consider the clinical implications of this.
Keywords: auditory localization, binaural, monaural, conductive hearing loss, adaptation, learning, cortex,
midbrain
INTRODUCTION
The ability to hear is of critical importance for a wide variety of
species. Indeed, in many naturalistic situations, auditory input
provides the only source of information about distant events.
However, whilst the identity of a sound source is clearly impor-
tant, its location also plays a critical role in guiding behavior.
In noisy and reverberant acoustic environments, spatial hearing
can additionally help to separate different sound sources, thereby
enabling their subsequent identification (Yost, 1997; Kidd et al.,
2005). For these reasons, numerous species have developed and
refined the ability to localize sounds in space.
Unlike the visual and somatosensory systems, however, the
auditory system does not contain an implicit map of space at the
level of the receptor surface. Instead, the receptors that transduce
sound are arranged along the cochlea according to their tuning
for sound frequency. The brain must therefore actively construct
a representation of auditory space by transforming and processing
the acoustical inputs provided to each ear. In doing so, the brain
takes advantage of the fact that specific aspects of the acoustical
input tend to depend on the position of the sound source relative
to that of the listener (Blauert, 1997). The challenge faced by the
brain is therefore to interpret and combine the information pro-
vided by these different spatial cues in order to create a coherent
representation of auditory space.
In many cases, the most effective way to localize sounds will
depend on the precise properties of the acoustical environment.
While this varies with the nature of the sound sources themselves
and the acoustical conditions in which they are encountered,
developmental changes in the relative dimensions of the ears and
in the neural circuits that process sound will also cause the acous-
tical environment to change. In order to maintain stable rep-
resentations of space, the auditory system must therefore adapt
to these changes by processing auditory spatial cues dynamically
in ways that are appropriate to the prevailing sensory condi-
tions. To understand these adaptive mechanisms, one popular
approach that has been used is to manipulate the acoustical input
experimentally and study its consequences on the perception and
processing of sound. Although the sounds reaching the ears can
be altered in a variety of ways, important insights into develop-
mental plasticity have been gained by introducing a hearing loss
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to one ear (Clopton and Silverman, 1977; Silverman and Clopton,
1977; Clements and Kelly, 1978; Moore and Irvine, 1981; Brugge
et al., 1985; Popescu and Polley, 2010; Keating et al., 2013a; Polley
et al., 2013). In this way, asymmetric hearing loss has become
an important model system for understanding basic principles
of neural development, complementing studies of monocular
deprivation in the visual system (Daw, 2009).
However, whilst monaural occlusion provides a powerful
method for studying basic aspects of developmental plasticity, the
developmental effects of asymmetric hearing loss are also clini-
cally important. This is because periods of unilateral hearing loss
are extremely common during development. For example, oti-
tis media with effusion, colloquially referred to as “glue ear,” is
experienced by approximately 80% of children before the age of
3, and is often associated with a temporary hearing loss in one
ear (Engel et al., 1999; Whitton and Polley, 2011). In rarer cases,
children may also experience a congenital hearing loss in one ear
(Wilmington et al., 1994; Gray et al., 2009). Similarly, in situations
where children with bilateral deafness receive a cochlear implant
in only one ear, the auditory system may be exposed to long peri-
ods of unilateral stimulation. This can result in marked changes
in auditory pathway circuitry, with important implications for
the restoration of normal functions if the second ear is subse-
quently implanted (Gordon et al., 2013; Illg et al., 2013; Kral et al.,
2013). From both a fundamental and clinical perspective, it is
therefore extremely important to understand the developmental
consequences of asymmetric hearing loss.
In this review, we briefly outline auditory spatial processing
under normal acoustical conditions, highlighting the importance
of integrating the information provided by the different cues
to sound source location. We then review evidence for adaptive
changes in spatial hearing following a developmental hearing loss
in one ear, and argue that adaptation may be achieved either by
learning to use altered cues correctly or by learning to change
the way cues are integrated. Having outlined the positive aspects
of developmental plasticity, we next consider this plasticity as a
source of vulnerability, describing evidence for effects of asym-
metric hearing loss that persist and become maladaptive when
normal hearing is restored. We then ask whether the conse-
quences of asymmetric hearing loss are mediated by its timing
and duration, and suggest that spatial hearing may be particularly
vulnerable to prolonged periods of imbalanced hearing early in
development.
Although much of the experimental literature has focused on
the effects of a stable hearing loss in one ear, some of the most
common forms of hearing loss experienced by children tend to
fluctuate over time (Hogan et al., 1997; Whitton and Polley,
2011). We therefore propose that there is a need to bridge this
gap by investigating the effects of recurring hearing loss during
development, and outline recent steps in this direction. In addi-
tion to its clinical relevance, we suggest that this approach may
also provide a useful experimental tool for understanding how
the brain learns the importance of sensory context in complex
environments. We then conclude by arguing that this work points
toward a more nuanced view of developmental plasticity follow-
ing asymmetric hearing loss, in which plasticity may be selectively
expressed in response to specific hearing conditions.
AUDITORY SPATIAL PROCESSING UNDER NORMAL
ACOUSTICAL CONDITIONS
AUDITORY SPATIAL CUES
In individuals with normal hearing, the location of a sound can be
inferred from a variety of different cues. However, whilst a com-
plete description of sound source location requires information
about both distance and direction, relatively little is known about
the neural mechanisms underlying distance perception (Zahorik
et al., 2005; Kopcˇo et al., 2012). For this reason, this review will
focus on how the direction of a sound source is computed. In this
respect, it has long been known that sounds originating on one
side of space tend to be more attenuated in the ear contralateral
to the source (Figure 1A). This acoustical shadowing effect of the
head produces an interaural level difference (ILD) that varies sys-
tematically with sound source direction (Blauert, 1997). Similarly,
due to differences in path length between a sound source and the
two ears, the acoustic waveform of a sound will often arrive at one
ear slightly before the other (Figure 1A). This produces an inter-
aural time difference (ITD) that also varies systematically with
the angular direction of the source relative to the head (Blauert,
1997).
Because ITDs and ILDs both require a comparison of the input
provided to the two ears, these cues are collectively referred to
as binaural spatial cues. In many instances, however, the relative
usefulness of these binaural cues depends on sound frequency
(Strutt, 1907; Middlebrooks and Green, 1991; Blauert, 1997;
Macpherson and Middlebrooks, 2002). For example, since low-
frequency sound waves can diffract around the head, ILD cues
tend to be relatively small at low frequencies, which limits the
usefulness of these cues. This means that ILDs tend to be used
primarily for localizing high-frequency sounds.
Conversely, for simple periodic sounds, ITDs become spatially
ambiguous as the sound frequency is increased, as it becomes
harder to tell at which ear the sound is leading and at which it is
lagging (Schnupp et al., 2011). Moreover, ITDs can only be calcu-
lated in situations where information is preserved in the auditory
system about the temporal structure of the auditory waveform,
a feat that many species find difficult to achieve at higher fre-
quencies. This is because auditory nerve fibers represent temporal
structure by locking their activity to specific phases of the stimu-
lus waveform. In many species, phase locking begins to decline
at frequencies greater than 1 kHz (Sumner and Palmer, 2012),
which produces a corresponding reduction in ITD sensitivity at
these higher frequencies (Brughera et al., 2013). In such cases,
any residual sensitivity to ITDs therefore depends on the enve-
lope of a sound (Henning, 1974; Bernstein and Trahiotis, 2002),
rather than its fine temporal structure. The frequency dependence
of ILD and ITD sensitivity provides the basis for the duplex the-
ory of sound localization (Strutt, 1907), which applies to humans
as well as to at least some other mammalian species (Wakeford
and Robinson, 1974; Brown et al., 1978; Houben and Gourevitch,
1979; Keating et al., 2013b).
In addition to these binaural cues, spatial information may
also be inferred from the relative intensities of different fre-
quency components present at one ear. This is because, at least
in mammals, the filtering properties of the head and external ears
serve to shape the spectrum of a sound in a direction-dependent
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FIGURE 1 | Overview of auditory spatial processing. (A) Sample
acoustic waveforms are shown for the ipsilateral (i) and contralateral (c)
ears following presentation of sound from a source located to one side of
the head. The incoming sound is typically delayed and attenuated in the
contralateral ear, producing interaural time differences (ITDs) and interaural
level differences (ILDs), respectively. These cues are referred to as binaural
spatial cues as they depend on comparisons between the two ears. (B)
Gain is plotted for an adult ferret ear as a function of sound frequency and
azimuth. Because the filtering effects of the head and ears depend on the
direction of a sound source, the observed spectra vary with respect to
azimuth (and elevation), producing spectral shape cues to sound location.
(C) Simplified schematic of the mammalian auditory pathway showing the
principal ascending (black) and descending (red) projections between the
cochlea, cochlear nuclei (CN), superior olivary complex (SOC), inferior
colliculus (IC), superior colliculus (SC), medial geniculate body (MGB), and
auditory cortex. For clarity, each of these projections is shown for one side
of the brain only. (B) adapted with permission from King et al. (2001).
way (Figure 1B). Commonly referred to as spectral cues, these
monaural spatial cues are most pronounced at high frequencies,
and are thought to be critical for distinguishing between loca-
tions that produce identical ITD and ILD values (Musicant and
Butler, 1984; Musicant et al., 1990; Carlile et al., 2005). For this
reason, spectral cues are thought to play an important role in
determining whether sounds are located in the front or rear hemi-
fields. In many mammalian species, including humans, spectral
cues are also critical for determining the elevation of a sound
(Parsons et al., 1999; Carlile et al., 2005; Tollin et al., 2013).
Although the acoustical properties of spectral cues make them
equally suitable for determining the lateral angle of sounds in
the horizontal plane, these cues typically contribute very little to
this process, with ITDs and ILDs instead dominating the per-
ceived azimuth under normal listening conditions (Macpherson
and Middlebrooks, 2002).
IMPORTANCE OF CUE INTEGRATION
The findings outlined in the previous section illustrate that the
importance of different spatial cues can vary depending on the
properties of the sound and the region of space in which it needs
to be localized. Consequently, under a particular set of hearing
conditions, different cues tend not to contribute equally to judg-
ments of sound location. Determining the weight that should be
given to each cue therefore represents a key aspect of sensory pro-
cessing. Individually, monaural and binaural spatial cues typically
provide only partial, and even potentially contradictory, infor-
mation about stimulus location. This can occur because neural
representations are often noisy and imprecise and the nature of
these coding errorsmay be independent for different cues, thereby
giving rise to cue conflict. In addition, whereas monaural spectral
cues are influenced by the spectrum of a sound (Wightman and
Kistler, 1997), binaural cues are much more robust with respect
to the source spectrum. In certain situations, the auditory system
may therefore misattribute the spectral properties of a sound to
the filtering effects of the head and ears (Hofman and Van Opstal,
2002; Keating et al., 2013a), with the result that monaural and
binaural cues may indicate that the sound originated from dif-
ferent directions. Over time, the reliability of each cue can also
change. The challenge faced by the brain is therefore to deter-
mine the best way of combining these different cues to provide
a coherent representation of the external world.
This need for cue integration, however, is not unique to the
auditory system. Different sensory systems, for example, often
provide complementary information about the location of a
particular target object or event. By taking into account the infor-
mation provided by each system, it is therefore possible to achieve
a better estimate of object location than would be possible using
either system in isolation (Knill and Pouget, 2004; Alais et al.,
2010).
Previous studies have shown that this kind of cue integration
may be described by a process that takes the weighted average of
individual cues, with the weights given to each being proportional
to the relative reliability of that cue. It can also be shown that this
simple process is statistically optimal under certain conditions
(Ernst and Banks, 2002; Alais and Burr, 2004). Although there
has been much recent emphasis on multisensory cue integration,
models of cue integration have also been applied to the com-
bination of depth cues within the visual system (Jacobs, 1999),
as well as the combination of speech cues within the auditory
system (Clayards et al., 2008). It is therefore likely that similar
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models may apply to the integration of auditory spatial cues (Van
Wanrooij and Van Opstal, 2007; Keating et al., 2013a).
NEURAL BASIS OF SPATIAL HEARING
Although the auditory systemmust ultimately combine the infor-
mation provided by different spatial cues, monaural and binaural
cues are initially processed separately prior to integration at
higher levels of the neuroaxis. In mammals, for example, acous-
tical inputs are transduced into neural signals by cochlear hair
cells before being passed via the auditory nerve to the cochlear
nuclei, and it is within the dorsal cochlear nuclei that process-
ing of monaural spectral cues is subsequently thought to occur
(Young et al., 1992). Projections originating in the ventral divi-
sions of the cochlear nuclei target the superior olive bilaterally
(Figure 1C), allowing input from the two ears to converge for the
first time. The nature of this convergence is such, however, that
the processing of different binaural cues remains segregated to a
large extent, with the lateral superior olive (LSO) involved pri-
marily in ILD processing and the medial superior olive (MSO)
more associated with the processing of ITDs (Yin, 2002).
Projections from these brainstem nuclei then ascend to the
midbrain, where they are thought to target partially overlapping
populations of neurons in the central nucleus of the inferior col-
liculus (ICc) (Loftus et al., 2010). From here, auditory signals
are transmitted via the medial geniculate nucleus of the thala-
mus to the auditory cortex (Figure 1C), which has been shown
by inactivation studies to play a critical role in sound localization
(Heffner and Heffner, 1990; Malhotra et al., 2004; Nodal et al.,
2012). Although cortical cells presumably integrate the informa-
tion provided by different auditory spatial cues, there is currently
very little evidence to suggest that a topographic map of audi-
tory space is constructed at the level of the cortex (Recanzone and
Sutter, 2008; Razak, 2011) or indeed at any subcortical level of
the primary auditory pathway in mammals [reviewed in Grothe
et al., 2010]. A crude map of auditory space has, however, been
described in the nucleus of the brachium of the inferior colliculus
(nBIC) (Schnupp and King, 1997), which receives a major source
of input from the ICc. The nBIC projects topographically to the
superior colliculus (SC), where a more refined map of auditory
space is found that shows the same topographic order observed
for the representation of other sensory modalities (Palmer and
King, 1982; King and Hutchings, 1987). Whilst the precise neu-
ral architecture invariably differs across species, broadly similar
organizational principles apply to the avian brain, with the optic
tectum and the external nucleus of the inferior colliculus (ICx)
both showing maps of auditory space in the absence of any topo-
graphical representation in the forebrain (Cohen and Knudsen,
1999). However, in contrast to mammals, topographic repre-
sentations of ITDs and ILDs have been found in the brainstem
nuclei where these cues are first computed (Singheiser et al.,
2012).
DEVELOPMENTAL PLASTICITY OF SPATIAL HEARING
FOLLOWING ASYMMETRIC HEARING LOSS
TYPES OF HEARING LOSS
In attempting to understand developmental plasticity in the audi-
tory system, numerous studies have investigated the effects of
early hearing loss. Although hearing loss can be produced in
a number of different ways, these can be broadly categorized
as being either sensorineural or conductive in nature, each of
which has distinct advantages from an experimental perspective.
For example, experimental induction of sensorineural hearing
loss, which can be achieved via cochlear ablation (Moore and
Kowalchuk, 1988), tends to completely abolish both the trans-
duction of sound as well as any spontaneous activity at the site of
the lesion (Tucci et al., 1987). Although this form of hearing loss
can completely eliminate binaural spatial cues, it is typically irre-
versible, making it very difficult to determine what happens to the
behavioral and neurophysiological representation of the affected
ear unless cochlear implants are used. It is also less appropriate as
a model for the types of hearing loss that are typically experienced
by children during development (Moore and King, 2004; Tollin,
2010; Whitton and Polley, 2011).
In contrast, conductive hearing loss is typically incomplete,
producing only a partial attenuation of acoustic input to the
affected ear (Moore et al., 1989; Gravel and Wallace, 2000;
Kumpik et al., 2010; Lupo et al., 2010). Conductive hearing loss is
also often fully reversible and represents an excellent model for
the types of hearing loss that are most commonly experienced
during development. This is particularly true of otitis media with
effusion (Gravel and Wallace, 2000; Whitton and Polley, 2011),
which is associated with an accumulation of fluid in the mid-
dle ear. In many cases, this prevents the normal transmission
of sound by the middle ear, thereby producing a conductive
hearing loss.
Although otitis media with effusion can occur either unilater-
ally or bilaterally (Hogan et al., 1997; Engel et al., 1999), a situa-
tion common to many other forms of hearing loss, experimental
studies have shown that the effects of a unilateral hearing loss are
typically more dramatic than those observed following a bilat-
eral hearing loss (Silverman and Clopton, 1977; Clements and
Kelly, 1978; Moore, 2002; Moore and King, 2004; Keuroghlian
and Knudsen, 2007; Tollin, 2010; Whitton and Polley, 2011). In
addition to its prominence as an experimental model, unilateral
hearing loss therefore represents a major source of vulnerability
in clinical populations.
From an experimental perspective, a partial hearing loss in one
ear can be reversibly induced either by surgical ligation of the
ear canal (Silverman and Clopton, 1977; Moore and Irvine, 1981;
Brugge et al., 1985; Popescu and Polley, 2010) or by occluding the
ear canal with a material that attenuates sound (Knudsen, 1985;
Gold and Knudsen, 1999; Kacelnik et al., 2006; Kumpik et al.,
2010; Polley et al., 2013). In addition to reducing the input ampli-
tude, these manipulations tend to delay the transmission of sound
to the affected ear. Monaural deprivation therefore has a pro-
found effect on both the ITDs and ILDs available to the listener
(Moore et al., 1989; Hartley andMoore, 2003; Kumpik et al., 2010;
Lupo et al., 2010), which is likely to be shared by the effects of
otitis media with effusion in children (Gravel and Wallace, 2000).
Unilateral hearing loss therefore alters the usefulness of audi-
tory spatial cues as well as the precise relationship between
specific cue values and spatial location, but leaves any monaural
spatial cues available to the intact ear unchanged. The meth-
ods used to induce hearing loss also tend to act as low-pass
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filters, attenuating higher frequencies to a greater extent than
lower frequencies (Moore et al., 1989; Kumpik et al., 2010; Lupo
et al., 2010; Polley et al., 2013). Consequently, ILDs will typ-
ically be altered in a frequency-dependent manner. Although
this frequency-dependent attenuation can have profound effects
on tonotopic representations in the brain (Popescu and Polley,
2010), this review will focus on its impact on spatial hearing.
CUE REMAPPING
In principle, spatial hearing could adapt to a unilateral hearing
loss in two distinct ways. First, in situations where the affected
ear retains some acoustical sensitivity, the auditory system could
utilize the cues that have been altered by hearing loss. In par-
ticular, this would require the brain to acquire new mappings
between specific locations and the values of individual spatial cues
(Figure 2A). In other words, the auditory system could adapt by
learning to reinterpret the spatial meaning of particular acousti-
cal inputs. Prior to the onset of hearing loss, for example, a sound
located directly in front of an observer is likely to produce an
ILD of zero, since the sound will be of equal intensity at each ear.
However, if the sound transmitted to one ear is attenuated due to
hearing loss, sounds located in front of the observer will no longer
produce an ILD of zero. Instead, an ILD of zero may be produced
by sounds originating from more peripheral locations ipsilateral
to the hearing loss. In such circumstances, the auditory system
could therefore adapt by adjusting the ILD sensitivity of neurons
to compensate for the imbalance in inputs between the ears.
Thus, far, the clearest evidence for cue remapping has been
obtained by studies of partial unilateral hearing loss in the devel-
oping barn owl. In particular, sound localization behavior in this
species readily adapts to a unilateral hearing loss introduced early
in development (Knudsen et al., 1984a). At a neural level, this
adaptation is paralleled by shifts in ILD and ITD tuning, thereby
changing the location of the receptive fields in ways that compen-
sate for the effects of hearing loss (Figures 2B,C). For example,
compensatory shifts in ITD sensitivity emerge at the level of
ICx (Gold and Knudsen, 2000b) and, in turn, are observed in
the optic tectum (Gold and Knudsen, 2001), thalamus (Miller
and Knudsen, 2003) and forebrain (Miller and Knudsen, 2001).
Similarly, adaptive shifts in ILD sensitivity initially appear in
the brainstem nucleus that is the first site of ILD processing in
the barn owl (Mogdans and Knudsen, 1994), prior to subse-
quent elaboration at the level of the ICx (Mogdans and Knudsen,
1993), optic tectum (Mogdans and Knudsen, 1992), and forebrain
(Miller and Knudsen, 2001).
There are, however, key differences in the way in which barn
owls and mammals localize sound, which likely reflect the inde-
pendent evolution of mechanisms for sound localization in dif-
ferent groups of vertebrates (Grothe et al., 2010). Consequently,
we should not necessarily expect the way the brain responds to
unilateral hearing loss to be the same in birds and mammals.
Indeed, in contrast to the experiments carried out in barn owls,
very little evidence has been obtained for cue remapping in mam-
mals. Thus, cats and rats reared with a partial unilateral hearing
loss similar to that used in barn owl studies do not show com-
pensatory shifts in the neural sensitivity to binaural spatial cues,
either in the inferior colliculus (IC) (Clopton and Silverman,
1977; Silverman and Clopton, 1977; Moore and Irvine, 1981;
Popescu and Polley, 2010) or the primary auditory cortex (Brugge
et al., 1985; Popescu and Polley, 2010). Although it is conceivable
that compensatory changes occur at higher levels of processing,
these results highlight the possibility that cue remapping may not
occur under all circumstances when a unilateral hearing loss is
experienced.
Although there is currently very little evidence in mammals
for experience–dependent adjustments in binaural cue sensitivity
equivalent to those seen in barn owls, this does not necessarily
mean that mammals are incapable of adapting in this manner
to the altered cues produced by a unilateral hearing loss. In sit-
uations where normal hearing cannot be restored, it is therefore
important to ask whether it might be possible to devise tar-
geted intervention strategies that promote adaptive adjustments
in ILD or ITD sensitivity. The mechanisms of plasticity revealed
by research in barn owls therefore illustrate the potential for adap-
tive changes in the encoding of binaural spatial cues, even if the
immediate clinical implications of this work remain unclear.
CUE REWEIGHTING
A compensatory adjustment in neural sensitivity represents one
viable mechanism for adapting to changes in auditory spatial
cues, but this could also be achieved by the auditory system
becoming more dependent on other cues that remain unchanged.
In the specific case of unilateral hearing loss, this would require
the auditory system to ignore the affected binaural spatial cues
and instead rely more on the monaural spatial cues available
to the intact ear. For individuals with a complete loss of hear-
ing in one ear, this may be the only way in which a recovery
in sound localization accuracy can be achieved. Indeed, behav-
ioral evidence in at least some unilaterally deaf humans supports
the idea that monaural spectral cues might be used to localize
sounds in the horizontal plane (Slattery and Middlebrooks, 1994;
Van Wanrooij and Van Opstal, 2004). Similarly, in cases of par-
tial hearing loss, binaural cues are eliminated when the sound
level is insufficiently high to be transmitted to the affected ear,
which appears to enable humans to use spectral cues at these
lower sound levels (Van Wanrooij and Van Opstal, 2007).
In such cases, however, it is unclear whether this amounts to
cue reweighting, since these individuals do not have access to
binaural spatial cues. Nevertheless, in situations where altered
binaural cues remain available, it is clear that spatial hearing can
adapt to a partial unilateral hearing loss by relying to a greater
extent on the spectral cues provided to the intact ear. This has
been demonstrated in both ferrets and humans with a unilateral
hearing loss experienced either during adulthood (Kacelnik et al.,
2006; Kumpik et al., 2010; Agterberg et al., 2012) or development
(Newton, 1983; Keating et al., 2013a).
At a neuroanatomical level, developmental studies of unilateral
hearing loss in mammals have demonstrated a relative weakening
of the pathways that convey input from the affected ear, which
include reduced connectivity, reductions in the size and number
of neurons as well as changes in dendritic morphology (Tollin,
2010). Changes consistent with a weakening of these pathways
have been observed in a variety of brain regions, including the
cochlear nucleus (Coleman and O’Connor, 1979; Webster and
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FIGURE 2 | Adaptation to abnormal cues can be achieved by remapping
the relationship between cue values and sound-source location.
(A) Under normal listening conditions (left), specific combinations of cue
values correspond to particular locations in the external world. Small circles
of the same color represent particular cue combinations and their
corresponding locations in the external world. Under abnormal listening
conditions, such as when one ear is occluded by an earplug, these
relationships are distorted and altered (right). In order to use these abnormal
cues for accurate sound localization, the brain must therefore learn that the
same locations now correspond to different cue combinations. (B) At
present, robust neurophysiological evidence for cue remapping has only been
observed in barn owls reared with one ear occluded. Electrophysiological
recordings from neurons in the optic tectum of these animals show that
compensatory shifts take place in the neurons’ auditory spatial tuning. Tectal
neurons respond most strongly to visual and auditory stimuli presented from
overlapping locations, with their receptive fields arranged systematically to
produce topographically-aligned maps of visual and auditory space
(represented by the contour lines superimposed on the optic tectum in the
picture of the owl’s brain). Recordings from the rostral region of the tectum in
an owl that was reared with the left ear occluded until 342 days after hatching
revealed little difference between the visual and auditory receptive field
centers when the earplug was still in place (“Earplug”). Misalignment in
elevation is plotted on the ordinate, with misalignment in azimuth plotted on
the abscissa. When the ear was occluded, the data points cluster around the
origin, demonstrating that auditory and visual receptive fields are broadly in
register. Following earplug removal, however, the receptive fields became
systematically misaligned in both azimuth and elevation, indicating that the
neurons were tuned to binaural cue values that no longer corresponded to
their preferred visual location. (C) Site of auditory plasticity in the ascending
auditory pathway of the barn owl. Frequency-dependent shifts in ITD tuning
are plotted for barn owls reared either with normal hearing or with a passive
filtering device in one ear that delays and attenuates sound. Positive values
indicate shifts in ITD tuning that compensate for the effects of the device.
Bars and lines show medians and interquartile ranges. Data are shown for
the optic tectum (OT), external nucleus of the inferior colliculus (ICx) and the
lateral shell of the central nucleus of the inferior colliculus (ICcls). Shifts in ITD
tuning emerge at the level of the ICx. Modified with permission from
Knudsen (1985) and Gold and Knudsen (2000b).
Webster, 1979; Blatchley et al., 1983; Webster, 1983b; Moore and
Kowalchuk, 1988), superior olive (Webster and Webster, 1979;
Webster, 1983a; Sanes et al., 1992; Russell and Moore, 1999)
and IC (Webster, 1983a,b), although the precise nature of these
changes varies across different brain regions and different types
of hearing loss. Studies of unilateral conductive hearing loss
have shown that the neurophysiological representation of the
developmentally occluded ear is similarly weakened, with neurons
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in the IC (Clopton and Silverman, 1977; Silverman and Clopton,
1977; Popescu and Polley, 2010) and auditory cortex (Brugge
et al., 1985; Popescu and Polley, 2010) becoming relatively more
driven by acoustical input provided to the intact ear. Although
these studies were unable to measure the relative weight given
to different spatial cues, a change in the relative efficacy with
which each ear can activate central auditory neurons is precisely
what would be expected if the auditory system were to become
more dependent upon the monaural spatial cues provided by the
intact ear.
In a recent study, we therefore set out to test this cue reweight-
ing hypothesis explicitly (Figure 3) (Keating et al., 2013a). We
found that ferrets reared with a hearing loss in one ear were able
to localize sounds accurately when tested as adults, despite wear-
ing an earplug in the developmentally occluded ear (Figure 3A).
Moreover, these behavioral experiments revealed that they did so
by relying more on the monaural spectral cues provided to the
intact ear (Figures 3D–F). At a neurophysiological level, this was
paralleled by a corresponding reweighting of auditory spatial cues
in the primary auditory cortex, with neurons carrying relatively
less information about binaural spatial cues and relatively more
information about the spectral cues that were unaffected by the
hearing loss (Figure 3C). Thus, the animals were able to adapt to a
unilateral hearing loss during the postnatal period when the audi-
tory system is particularly plastic by giving greater weight to the
spatial cues that remain unchanged. In conjunction with previ-
ous work in humans (Newton, 1983), these results therefore show
that cue reweighting represents a viable strategy for adapting to
developmental changes in sensory input.
CHOICE OF ADAPTIVE STRATEGY
These studies demonstrate that the developing auditory system
possesses the capacity to adapt to a partial unilateral hearing loss
in one of two distinct ways. Whereas barn owls can adjust their
sensitivity to the altered binaural cues (Keuroghlian and Knudsen,
2007) (Figure 2), mammals can accommodate the imbalance in
inputs between the ears by becoming more dependent on the
monaural spatial cues that remain intact (Newton, 1983; Keating
et al., 2013a) (Figure 3). At present, however, it is unclear what
determines which of these strategies is adopted. Perhaps the most
obvious answer is that species differences may play an important
role. Given that the barn owl possesses highly-specialized neural
machinery for processing sound source location, the possibility of
differences between species is certainly plausible.
The barn owl, for example, is capable of using fine-structure
ITDs over the full range of frequencies to which it is sensitive,
a truly remarkable feat that is made possible by phase-locking
to much higher sound frequencies than is the case in mammals
(Köppl, 1997). The acoustical properties of the head and ears
also mean that this species respectively uses ITDs and ILDs for
localizing sound sources in azimuth and elevation (Moiseff and
Konishi, 1981; Moiseff, 1989). In this respect, barn owls differ
considerably from mammals, which primarily use both ITDs and
ILDs for determining the azimuth of a sound (Macpherson and
Middlebrooks, 2002). Moreover, as discussed in an earlier sec-
tion, there are differences in the way in which ITDs are encoded
between these species (Harper and McAlpine, 2004). For these
reasons, it is therefore possible that barn owls are capable of
remapping binaural spatial cues onto abnormal spatial locations,
whereas developing mammals are not.
On the other hand, barn owls may adapt to the altered binau-
ral cues simply because this is the only viable strategy for adapting
to a unilateral hearing loss in this species. In our experiments in
ferrets that were monaurally deprived during development, we
found that adaptive reweighting of auditory spatial cues is spe-
cific to the high sound frequencies (above approximately 16 kHz;
Figure 3D) where spectral cues in this species are likely to be most
informative (Keating et al., 2013a). Because their upper frequency
limit of hearing is only approximately 10 kHz, it is possible that
barn owls may not have access to the high-frequency spectral
cues that would enable adaptation via cue reweighting, and may
instead be forced to map altered binaural spatial cues onto their
correct sound locations in order to adapt to a unilateral hear-
ing loss. However, the frequency range over which the auditory
periphery generates useful monaural spatial cues varies with the
dimensions of the head and external ears. For example, studies
in adult humans, where these structures are relatively large, have
shown that subjects can learn to use abnormal spectral features
available at much lower frequencies to make elevation judgments
(Van Wanrooij and Van Opstal, 2005). Confirmation of whether
barn owls are capable of experience-dependent cue reweighting
will therefore require determining whether the spectral cues gen-
erated by the facial ruff in this species (Hausmann et al., 2009)
contribute more to sound localization in birds that have adapted
to a unilateral hearing loss.
Although these different viewpoints provide alternative, and
perhaps complementary, explanations for the apparent differ-
ences between species, they remain speculative. As such, they
serve to highlight important limitations in our understanding of
the fundamental mechanisms underlying developmental plastic-
ity. Under certain circumstances, for example, it is possible that
both remapping and reweighting strategies could be utilized for
adaptation in the same species. This would be consistent with the
results of sound localization measurements in human listeners
with acquired conductive hearing loss in one ear (Agterberg et al.,
2012), although other work indicates that subjects with normal
hearing can adapt to a temporary unilateral hearing loss with-
out learning to use abnormal binaural spatial cues (Kumpik et al.,
2010). Nevertheless, there is evidence that adult humans may be
able to adapt to altered ILDs and ITDs following some acousti-
cal manipulations (Javer and Schwarz, 1995; Shinn-Cunningham
et al., 1998), so further research is needed, particularly at a neu-
rophysiological level, to determine the relative contributions of
spatial cue remapping and reweighting to the ability of the audi-
tory system to accommodate the changes in input associated with
hearing loss.
Factors likely to influence which adaptation strategy is used
include the experience of the individual prior to the onset of
hearing loss and the extent to which hearing is restored in the
affected ear. It is conceivable, for example, that the ability to use
binaural spatial cues, whether normal or abnormal, depends on
normal binaural hearing during development (Seidl and Grothe,
2005; Grothe et al., 2010; Litovsky et al., 2010; Agterberg et al.,
2012). Consequently, in the case of partial unilateral hearing loss,
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FIGURE 3 | Adapting to a unilateral hearing loss by changing the
dependence of the auditory system on different spatial cues.
(A) Performance on an approach-to-target sound localization task is shown for
normally-reared, control ferrets fitted with an earplug in one ear for the first
time, as well as ferrets reared with a unilateral earplug (juvenile-plugged) and
tested with an earplug in the developmentally-occluded ear. The animals
initiated a trial by waiting on a central platform and approached the source of
a sound presented from one of 12 loudspeakers positioned at equal intervals
around the periphery, as illustrated in the accompanying schematic (top right).
Juvenile-plugged animals performed the task with much greater accuracy
than controls. (B) When spatial cues are altered or degraded by hearing loss,
the auditory system can adapt by becoming less dependent on the abnormal
cues and more dependent on the cues that remain intact. (C) Cue
reweighting in primary auditory cortex. Neural weighting index is shown for
neurons in the primary auditory cortex of juvenile-plugged ferrets while a
virtual earplug was experienced in the developmentally-occluded ear. Stimuli
were presented over earphones so that individual cues could be manipulated
independently, which enabled a weighting index to be constructed. Higher
values indicate that relatively more weight was given to the spatial cues
provided by the intact ear. Data are also shown for normally-reared, control
animals experiencing a virtual earplug in one ear. Neural weighting index
values are higher in juvenile-plugged animals than controls, indicating greater
reliance on the unchanged spectral cues provided by the intact ear. (D–F)
Behavioral reweighting of auditory spatial cues revealed using reverse
correlation. If approach to target localization responses are determined by the
spectral cues provided by the intact ear, it is possible to recover these cues
using reverse correlation. Juvenile-plugged ferrets performed the task in (A),
but the stimulus spectra were randomized across trials. The mean stimulus
spectrum across all trials was very close to zero (gray line). However, on the
subset of trials on which behavioral responses were made to a particular
location (60◦ in the example shown), the mean stimulus spectrum deviated
considerably from zero, with distinct spectral features emerging at
frequencies >16 kHz (D). Repeating this analysis for each response location
produced a reverse correlation map (E), which closely resembled the
directional transfer function (DTF) of the intact (right) ear (F). These results
indicate that localization behavior in juvenile-plugged animals is guided by
spectral features that resemble those produced by the directional filtering
properties of the intact ear. This was not the case in controls, indicating that
the juvenile-plugged animals had developed a greater dependence on, and
therefore adapted to the unilateral hearing loss by giving greater weight to,
the spectral cues that are unaffected by an earplug. Modified with permission
from Keating et al. (2013a).
unravelling the factors that determine the nature of the adaptive
mechanism represents a key goal for future work, with implica-
tions that are of interest from both a clinical and fundamental
perspective.
NEURAL BASIS OF CUE REWEIGHTING
As previously discussed, the capacity of ferrets to adapt to a con-
ductive hearing loss in one ear during postnatal development
relies on their greater use of monaural spectral cues provided
by the contralateral ear, with equivalent cue reweighting being
displayed by auditory cortical neurons in these animals (Keating
et al., 2013a). It is presently unclear, however, whether this reflects
plasticity at the level of the cortex itself or at lower levels of
processing. Inmammals, for example, it is known that a unilateral
hearing loss produces changes in the binaural tuning proper-
ties of IC neurons (Clopton and Silverman, 1977; Silverman and
Clopton, 1977; Moore and Irvine, 1981; Popescu and Polley,
2010) (Figures 4D,F). Since IC neurons can combine the infor-
mation provided by different auditory spatial cues (Chase and
Young, 2005), it is possible that changes in cue integration are
implemented at the level of the IC. More generally, this is consis-
tent with the idea that the ICmay be an important site of plasticity
due to its role as a major site of convergence for many auditory
pathways (Yu et al., 2007).
On the other hand, some measures of spatial processing by
IC neurons are immune to the effects of a unilateral hearing
loss, despite undergoing changes at higher levels of processing
(Popescu and Polley, 2010) (Figures 4C,E). Moreover, plasticity
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FIGURE 4 | Maladaptive effects of asymmetric hearing loss during
development. (A) Example of a binaural interaction matrix recorded from a
unit in the central nucleus of the inferior colliculus (ICc) in a normally reared
rat. Contralateral sound level is plotted against ipsilateral level, with color
denoting the number of spikes fired for each combination. Firing rates
typically increase as the contralateral level is increased, but are suppressed
when the ipsilateral level exceeds that in the contralateral ear. For each
interaural level combination enclosed by the blue box, binaural suppression
was quantified by comparing it with the linear sum of its monaural
intercepts (e.g., blue cross relative to the sum of the red and green
crosses). (B) To investigate the developmental effects of monaural
deprivation, rats were reared with a hearing loss in one ear that was
induced by ligation of the ear canal, which was reversed prior to
electrophysiological experiments. Bilateral recordings were then performed
in the ICc and primary auditory cortex (A1) of these animals and compared
with data from sham-operated controls reared with normal hearing. (C,D)
Examples of binaural interaction matrices from A1 (C) and ICc (D) in sham
operated controls (left), and in ligated animals. For ligated animals, data are
shown for the hemisphere ipsilateral (middle) and contralateral (right) to the
ligated ear. Color scales and axis labels are identical to (A). (E,F) Ipsilaterally
mediated suppression expressed as a function of ILD for A1 (E) and ICc (F)
recordings. Data are shown for sham operated controls (open symbols) as
well as ligated animals, both contralateral (gray) and ipsilateral (black) to the
ligated ear. Asterisks denote significant differences between ligated
animals and controls, with asterisk grayscale indicating the hemisphere in
which the comparison was made. Error bars show SEMs. Ipsilaterally
mediated suppression in A1 of monaurally deprived animals is increased in
the hemisphere contralateral to the deprived ear (E), but not in the
corresponding hemisphere of the ICc (F). Conversely, ipsilaterally mediated
suppression is reduced in the ICc ipsilateral to the deprived ear (F), but this
effect is not apparent at the level of A1 (E). These results suggest
(Continued)
FIGURE 4 | Continued
that monaural deprivation induces persistent changes in the strength of
ipsilateral input, which acts to weaken the representation of the deprived
ear at the level of the ICc and strengthen the representation of the intact
ear at the level of A1. In both cases, this increases the relative strength of
the intact ear, and produces maladaptive shifts in ILD sensitivity. Modified
with permission from Popescu and Polley (2010).
observed in the spatial response properties of IC neurons is often
more extensive at higher levels of processing (Popescu and Polley,
2010). This suggests that additional changes may emerge either in
the thalamus or the cortex (Popescu and Polley, 2010; Polley et al.,
2013). Indeed, the involvement of multiple processing levels in
adaptive plasticity has been demonstrated in adult ferrets. Thus,
the ability of these animals to relearn to localize sound following
a unilateral hearing loss depends on corticocollicular connections
(Bajo et al., 2010) as well as the integrity of the cortex (Nodal
et al., 2010). Similarly, plasticity induced by conditioning or by
focal electrical stimulation in the tonotopic representation of the
auditory cortex leads to changes in frequency tuning in the IC that
depend on the relationship between activity in these two struc-
tures (Yan et al., 2005). There is therefore growing evidence that
the effects of sensory experience on auditory perception may be
mediated at the level of the cortex and then transmitted to sub-
cortical sites via descending feedback connections (Bajo and King,
2013) (Figure 1C).
Whilst it is unclear whether similar principles apply to devel-
oping animals, these studies highlight the possibility that cue
reweighting may be implemented by interactions between the
midbrain and cortex. Consistent with this view, multisensory cue
integration in the SC is thought to depend on descending input
from “association” cortex, both during adulthood and develop-
ment (Wallace and Stein, 1994; Jiang et al., 2006). However, since
these results do not necessarily imply that cortical input influ-
ences unisensory integration at a subcortical level (Alvarado et al.,
2007), a key step toward testing this model would be to determine
whether IC neurons show evidence for cue reweighting.
INCOMPLETE AND MALADAPTIVE CHANGES IN SPATIAL PROCESSING
Although developmental plasticity can be beneficial, enabling an
individual to adapt to a particular environment, these adaptive
changes are often incomplete. For example, ferrets reared with
an earplug in one ear localize sounds less well whilst wearing
an earplug than controls with normal hearing (Keating et al.,
2013a). Similarly, children who experience a unilateral hearing
loss appear to be unable to fully adapt to the abnormal acoustical
input available to them (Newton, 1983), and show clear deficits in
sound localization (Viehweg and Campbell, 1960; Humes et al.,
1980; Newton, 1983; Bess et al., 1986). In addition, whilst barn
owls show very little residual bias in sound localization follow-
ing adaptation to a unilateral hearing loss, the spatial precision of
behavioral responses often remains slightly worse than controls
(Knudsen et al., 1984a). Thus, despite clear differences between
birds and mammals, an inability to fully compensate for the
effects of asymmetric hearing loss is common to many different
species. For tasks that are likely to require more complex pro-
cessing, such as binaural unmasking in the presence of spatially
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discordant signals and noise, there is currently little evidence for
any adaptation (Moore et al., 1999). The degree to which the
developing auditory system can accommodate changes in input
following hearing loss therefore depends on the nature of the task,
and even where adaptation clearly occurs, such as in directional
hearing tasks, this may not be enough to fully restore normal
performance levels.
Perhaps more damagingly, however, any adaptive changes that
do occur can become maladaptive if the environment is subse-
quently altered. This is particularly relevant to situations where a
developmental hearing loss is resolved later in life, either spon-
taneously or through clinical intervention. In such cases, the
auditory systemmay have altered the way in which spatial cues are
processed, thereby compromising its ability to take full advantage
of normal hearing when it becomes available.
Following a developmental hearing loss in one ear, for exam-
ple, barn owls are, at least initially, unable to localize sounds cor-
rectly when normal hearing is restored (Knudsen et al., 1984b).
This is because these animals have adapted to the imbalance in
input between the two ears by remapping binaural spatial cues
onto abnormal spatial locations. Although these mappings per-
mit accurate localization when a hearing loss is experienced in
one ear, they are not appropriate for localization under nor-
mal hearing conditions. The animals therefore exhibit systematic
errors in sound localization when normal hearing becomes avail-
able, which can persist indefinitely if hearing is not restored early
enough in development (Knudsen et al., 1984b). At a neural
level, this is paralleled by persistent abnormalities in the tun-
ing to binaural spatial cues (Keuroghlian and Knudsen, 2007)
(Figures 2B,C).
Similarly, in mammals reared with a stable hearing loss in one
ear, the neural representation of the developmentally occluded
ear is typically [though not always (Moore and Irvine, 1981)]
weakened, and does not immediately return to normal when the
cause of the hearing loss is removed (Clopton and Silverman,
1977; Silverman and Clopton, 1977; Brugge et al., 1985; Popescu
and Polley, 2010) (Figure 4), even when the period of monaural
hearing loss is relatively brief (Polley et al., 2013). This is consis-
tent with the cue reweighting mechanism of adaptation, which
involves relying more on the input provided by the intact ear and
less on the input from the occluded ear. Although this plasticity
may help the auditory system to adapt to a hearing loss in one ear,
it has been proposed that it may also be responsible for amblyau-
dia (Popescu and Polley, 2010; Whitton and Polley, 2011; Polley
et al., 2013), a persistent condition in which the brain is unable
to fully exploit the acoustical input provided to one ear. This is
because the changes associated with asymmetric hearing loss can
impair binaural processing of normal acoustical inputs, produc-
ing deficits in ILD sensitivity when normal hearing is restored
(Moore and Irvine, 1981; Popescu and Polley, 2010; Polley et al.,
2013).
In a recent study, for example, rats were reared with a con-
ductive hearing loss in one ear and binaural interactions were
quantified in the ICc and auditory cortex after the hearing loss
was reversed (Popescu and Polley, 2010) (Figures 4A,B). In the
ICc ipsilateral to the developmentally deprived ear, ipsilaterally-
mediated suppression was weakened (Figures 4D,F), but this
effect was not apparent at the level of A1 (Figures 4C,E).
Conversely, ipsilaterally-mediated suppression in A1 of monau-
rally deprived animals was increased in the hemisphere con-
tralateral to the deprived ear (Figures 4C,E), but not in the
corresponding hemisphere of the ICc (Figures 4D,F). Together,
these results show that binaural interactions may be altered by a
developmental hearing loss in one ear, which can subsequently
impair processing when normal hearing is restored.
Consistent with this view, humans and guinea pigs with a
developmental history of asymmetric hearing loss tend to show
persistent deficits in behavioral measures of binaural and spa-
tial hearing even after normal hearing is restored (Clements and
Kelly, 1978; Beggs and Foreman, 1980; Hall and Derlacki, 1988;
Pillsbury et al., 1991; Wilmington et al., 1994; Moore et al., 1999;
Gray et al., 2009). Since spatial hearing is important for listen-
ing in noisy and reverberant environments (Yost, 1997), this can
affect performance in social and educational settings. In this way,
deficits in spatial hearing may impair or delay linguistic, cognitive
and social development (Moore et al., 2003; Tollin, 2010; Whitton
and Polley, 2011).
Nevertheless, whilst long periods of unilateral hearing loss may
weaken the neural representation of the deprived ear, this repre-
sentation does not appear to be eliminated entirely. For example,
ferrets reared with an earplug in one ear eventually show nor-
mal levels of binaural unmasking, although this can take up to
approximately 2 years after the cause of the hearing loss has been
removed (Moore et al., 1999). Consistent with these results, bilat-
erally deaf individuals who receive a unilateral cochlear implant
typically retain some sensitivity to the non-implanted ear when
a second implant is received in that ear later in life, despite
experiencing a long period of unilateral stimulation (Kral et al.,
2013). Although generally inferior to that associated with the
first implant, this residual sensitivity might provide a neural
basis for rehabilitation. A key goal for future research will there-
fore be to determine whether recovery from hearing loss during
development can be enhanced or accelerated by specific training
regimens, an approach that has been successfully used to treat
deficits in language comprehension (Merzenich et al., 1996; Tallal
et al., 1996). In this respect, it is critical to identify individu-
als who are particularly at risk and determine the developmental
time point at which intervention is likely to be most successful.
EFFECTS OF ASYMMETRIC HEARING LOSS THROUGHOUT
THE LIFESPAN
DIFFERENCES BETWEEN DEVELOPMENTAL AND ADULT PLASTICITY
One of the key findings to emerge from studies of spatial hear-
ing following unilateral hearing loss is that the timing of hearing
loss plays a critical role in mediating its effects. Early work in the
barn owl, for example, emphasized the notion of sensitive or crit-
ical periods (Knudsen et al., 1984a,b), suggesting that auditory
representations of space become relatively fixed at a particular
stage of development. Initially, it was thought that the critical
period for spatial hearing was determined by age rather than
sensory experience (Knudsen and Knudsen, 1986). Subsequent
work, however, suggested that critical periods for the visual recal-
ibration of spatial hearing may be extended by environmental
enrichment (Brainard and Knudsen, 1998). In a similar vein, the
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critical period for the effects of auditory experience on the orga-
nization of frequency maps in the auditory cortex (Zhang et al.,
2001; De Villers-Sidani et al., 2007) can be extended by exposure
to environmental noise (Chang and Merzenich, 2003).
A number of studies in which individuals have been
exposed to altered auditory or visual experience have, however,
demonstrated that spatial hearing remains plastic in adulthood
[reviewed by Irvine andWright (2005), Keuroghlian and Knudsen
(2007); King (2009); King et al. (2011)]. In particular, adaptive
changes in sound localization have been observed in adult ferrets
(Kacelnik et al., 2006; Nodal et al., 2010; Irving et al., 2011) and
humans (Kumpik et al., 2010; Irving and Moore, 2011; Strelnikov
et al., 2011) after introducing an asymmetric hearing loss. While
there are clear similarities with the experience-dependent changes
that can take place during development, with adaptation in mam-
mals likely to involve cue reweighting irrespective of age (Kacelnik
et al., 2006; Kumpik et al., 2010; Keating et al., 2013a), this does
not mean that the neurophysiological basis for this is necessarily
the same. Indeed, plasticity in the young brain may differ from
that in the adult in a number of important ways. Adult plasticity,
for example, seems to depend to a greater extent on behavioral
training (Bergan et al., 2005; Kacelnik et al., 2006), which may be
mediated by increased focus and heightened arousal (Keuroghlian
and Knudsen, 2007). In this respect, the plasticity of spatial hear-
ing in adults parallels that of frequency and intensity processing
(Polley et al., 2006).
Additional work, however, suggests that adult plasticity is pos-
sible even in the absence of behavioral training, with changes in
frequency tuning induced by passive exposure to specific acoustic
environments (Noreña et al., 2006; Zhou et al., 2008; Pienkowski
and Eggermont, 2009, 2010; De Villers-Sidani and Merzenich,
2011; Pienkowski et al., 2011; Zhou et al., 2011; Pienkowski
and Eggermont, 2012; Zheng, 2012; Zhou and Merzenich, 2012;
Pienkowski et al., 2013). The results of one particular study,
for example, suggest that it may be possible to reinstate more
extensive plasticity in adults by exposure to moderate levels of
acoustic noise (Zhou et al., 2011), a result that parallels findings
of increased plasticity in visual cortex following a period of dark
exposure (Duffy andMitchell, 2013). This suggests that patterned
sensory input may affect not only the development of neural pro-
cessing but its subsequent maintenance later in life (Shepard et al.,
2012).
On the other hand, the effects of attention and reward are not
limited to adults, with developing circuits relevant to vocaliza-
tion showing a similar susceptibility to these influences (Doupe
and Kuhl, 1999). Together, these results question whether behav-
ioral training plays a unique role in adult plasticity, and instead
point toward the possibility that training enhances and acceler-
ates plasticity throughout the lifespan. Indeed juvenile animals
may be even more susceptible to the effects of auditory train-
ing than adults. For example, Sarro and Sanes (2011) found
that behavioral training induced greater plasticity in juvenile ger-
bils than an equivalent amount of training in adulthood. The
key difference between juveniles and adults may therefore lie in
their susceptibility to change, with developing animals capable of
more rapid and extensive changes. The reasons for this difference
remain to be identified, but a variety of factors are thought to
contribute, including differences in neuromodulatory influences
(Shepard et al., 2012) as well as the relative balance of excitation
and inhibition (Dorrn et al., 2010).
IMPORTANCE OF EARLY DEVELOPMENTAL EXPERIENCE
Although the auditory system can adapt to a unilateral hearing
loss both during development and in adulthood, the conse-
quences of this form of auditory deprivation have been shown
to vary depending on the point in development at which hearing
loss first occurs. Earlier developmental onsets result in a greater
weakening of the neurophysiological (Clopton and Silverman,
1977; Popescu and Polley, 2010) and neuroanatomical (Blatchley
et al., 1983; Webster, 1983b) representations corresponding to the
affected ear. This suggests that neural circuits responsible for inte-
grating inputs from the two ears may be particularly labile early
in development.
If spatial hearing were particularly vulnerable to hearing loss
early in development, we might expect clinical intervention to be
more successful early in life. Consistent with this view, one recent
study used hearing aids to restore balanced hearing to children
who had previously been diagnosed with a sensorineural hear-
ing loss in one ear (Johnstone et al., 2010). When tested more
than 1 year later, children who received a hearing aid before the
age of 5 showed improved sound localization performance under
aided hearing conditions, but children who received a hearing aid
later in life did not. Although the authors of this study noted
that the two groups were tested at different ages, which could
have influenced the outcome, these results are consistent with the
notion that early developmental experience is particularly impor-
tant. Further evidence for this view has been observed in studies
of patients fitted with bone conduction devices following either
congenital or acquired asymmetric hearing loss. In particular,
patients with a congenital hearing loss benefit less from wearing
a bone conduction device than patients who had normal hearing
during early development (Agterberg et al., 2011).
Recipients of cochlear implants who are congenitally deaf also
provide a unique opportunity to study this question. In recent
work, for example, sequential implantation of the two ears was
found to impair the ability to make use of the second implant if
it was implanted much later in life than the first (Graham et al.,
2009; Gordon et al., 2013; Illg et al., 2013), with the associated
neural impairments persisting for at least 3–4 years following
the onset of bilateral stimulation. Similarly, unilateral cochlear
implantation in congenitally deaf cats leads to greater functional
dominance of the implanted ear, but only if animals experience
unilateral stimulation early in life (Kral et al., 2013). This sug-
gests that the auditory system may be particularly vulnerable to
early experience of unilateral stimulation, which has profound
implications for rehabilitation strategies following asymmetric
hearing loss.
More recent work, however, points toward a more complex
situation, in which different aspects of binaural sensitivity are vul-
nerable to hearing loss at different stages of development (Polley
et al., 2013) (Figure 5). In particular, this study showed that
cortical neurons tend to preferentially respond to contralateral
locations with short-latency spikes and ipsilateral locations with
longer latency spikes (Figures 5A–C). Hearing loss at specific ages
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FIGURE 5 | Precise timing of unilateral hearing loss influences
developmental outcome. (A) Poststimulus time histograms (PSTHs) of
spikes recorded from neurons in the primary auditory cortex of the mouse
can be divided into windows that show the strongest differential sensitivity
to contralateral (black, left) and ipsilateral (red, right) ILDs. Greater
contralateral ILD sensitivity is typically a feature of short-latency responses,
whereas greater sensitivity to ipsilateral ILDs tends to be seen in longer
latency responses. (B) Firing rate as a function of ILD at 5 different average
binaural levels, with each plot corresponding to the response window
shown immediately above. Heat map is scaled to the normalized firing rate
within each time window, whereas circle diameter is normalized to the
maximum firing rate across both time windows. (C) Faint lines show firing
rates as a function of ILD for each of the average binaural levels shown in
(B). Thicker lines show the average of ILD functions obtained with different
average binaural levels. (D) Slopes of linear fits were calculated for the thick
lines in (C) and provide a measure of ILD sensitivity, with larger slope
values indicating greater sensitivity. Mean slope values (±s.e.m.) are
shown for sham operated controls as well as mice that experienced brief
periods (1–2 weeks) of unilateral hearing loss beginning at different ages
(either postnatal day 12, 16, or 20). Contralateral and ipsilateral ILD
sensitivity are both reduced by asymmetric hearing loss, but these different
aspects of spatial processing are vulnerable at different stages of
development. Asterisk indicates significant differences relative to
(sham-operated) controls (post-hoc tests following ANOVA, P < 0.05).
Modified with permission from Polley et al. (2013).
can selectively impair one of these measures of binaural pro-
cessing whilst leaving the other largely intact (Figure 5D). These
results therefore point toward the possibility that vulnerability
may be most pronounced when the neural circuits in question
are maturing. Because different circuits are likely to mature at
different times, this means that the consequences of hearing loss
may depend on the precise developmental stage at which it is
experienced.
EFFECTS OF A RECURRING ASYMMETRIC HEARING LOSS
DURING DEVELOPMENT
INTERMITTENT PERIODS OF NORMAL EXPERIENCE MAY REVERSE
AMBLYAUDIA
Although the timing and duration of hearing loss are likely to
have a significant impact on spatial hearing, the temporal pattern
of the impairment may also be a critical factor. In this respect,
most research in this area has been restricted to studying a par-
ticular type of auditory deprivation, namely a single episode of
unilateral hearing loss that remains stable over time (Clopton
and Silverman, 1977; Silverman and Clopton, 1977; Clements
and Kelly, 1978; Moore and Irvine, 1981; Blatchley et al., 1983;
Webster, 1983b; Brugge et al., 1985; Popescu and Polley, 2010;
Polley et al., 2013). It is much less clear, however, what would
happen if the auditory system were exposed to a recurring hear-
ing loss in one ear separated by periods of normal hearing. From a
clinical perspective, this is important because recurring periods of
hearing loss are extremely common during infancy (Hogan et al.,
1997; Whitton and Polley, 2011). Otitis media with effusion, for
example, is typically experienced in discrete episodes separated by
periods of normal hearing (Figure 6A). It is therefore of consider-
able interest to determine the impact of intermittent hearing loss
on auditory development.
On the one hand, we might expect that the effects of hear-
ing loss would be reduced by periods of normal hearing. Studies
of the visual system, for example, have shown that the negative
effects of occluding one eye during development can be at least
partially (Mitchell et al., 2003, 2006, 2011), albeit not necessar-
ily completely (Mitchell et al., 2009), reversed by providing cats
with brief intermittent periods of normal visual experience. If
the same were true of the auditory system, then the symptoms
associated with amblyaudia might be similarly ameliorated by
providing intermittent experience of normal hearing throughout
development.
Alternatively, intermittent periods of hearing loss might be
damaging, producing an unstable acoustical environment in
which the auditory system is unable to develop properly. In one
early study, for example, barn owls were reared with unilat-
eral earplugs that alternated between the two ears every second
day (Knudsen and Knudsen, 1986). In contrast to the effects of
chronic occlusion of one ear, these animals failed to adapt to a
hearing loss in either ear and therefore made large localization
errors, suggesting that inputs need to remain stable for a mini-
mumperiod of time for adaptive changes in spatial cue processing
to take place.
We addressed this issue in our recent study in which fer-
rets were reared with a unilateral hearing loss by providing brief
intermittent periods of normal hearing throughout development
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FIGURE 6 | Otitis media with effusion (OME) and its effects in humans.
(A) State transition matrix for different effusion states, obtained via a
prospective study among a group of 95 children aged 0–3 years. Arrow
color shows the probability of transitioning from one effusion state to
another. Effusion was either present (filled circles) or absent (open circles)
in the left (L) and right (R) ears. Individuals often alternate between periods
of normal and abnormal hearing. (B) Masking level difference, which
provides a measure of spatial listening in noisy environments, is shown for
adults as well as children with a history of OME (mean ± s.e.m.). Children
are divided into quartiles depending on the amount of OME experienced
during the first 5 years of life, with the colors indicating the mean
prevalence of OME in each quartile. Adults with unknown OME experience
are shown in gray. A deficit in masking level difference was observed in the
upper quartile of children that experienced OME, corresponding to children
that experienced OME at least 50% of the time. Based on Hogan et al.
(1997) and Hogan and Moore (2003).
(Keating et al., 2013a). As shown in Figure 3, the sound
localization behavior of these animals indicated that significant
adaptation to the unilateral hearing loss had taken place. Instead
of making systematic errors when normal inputs were provided
in both ears, they were indistinguishable from controls in their
ability to localize sounds (Figure 7A). Thus, although the animals
showed clear evidence for experience-dependent changes in cue
integration, these changes were selectively expressed, both behav-
iorally (Figures 7B,C) and neurophysiologically (Figure 7D), in
the presence of a unilateral hearing loss, and disappeared when-
ever balanced binaural hearing was available (Figures 7B–D).
These results contrast dramatically with the persistent changes
observed following removal of the ear canal occlusion in ani-
mals reared with a stable hearing loss in one ear (Clopton and
Silverman, 1977; Silverman and Clopton, 1977; Clements and
Kelly, 1978; Moore and Irvine, 1981; Knudsen et al., 1984a;
Brugge et al., 1985; Gold and Knudsen, 2000a; Popescu and
Polley, 2010; Polley et al., 2013), which suggests that relatively
brief periods of normal hearing may be able to preserve the ability
to use binaural cues correctly.
This is consistent with clinical observations in humans, which
show that the negative effects of a recurring hearing loss are
reduced as the cumulative amount of abnormal hearing is
decreased (Hogan and Moore, 2003) (Figure 6B). Together, these
studies indicate that the symptoms of amblyaudia may be at
least partially reversed by providing the developing auditory
system with brief periods of normal hearing. Although it is cur-
rently unclear whether intermittent experience of normal hearing
preserves the integrity of neuroanatomical pathways that are
degraded by exposure to a stable unilateral hearing loss (Blatchley
et al., 1983; Webster, 1983b), this is likely to be the case, and
therefore remains an important question for future research.
FIGURE 7 | Context-dependent reweighting of auditory spatial cues
following a recurring developmental hearing loss in one ear. (A) Sound
localization performance of ferrets reared with an earplug in one ear, either
in the presence or absence of an earplug. Each symbol represents data
from an individual animal. Although juvenile-plugged ferrets adapt to an
earplug (see Figure 3), their performance improves when the earplug is
removed, and approaches the mean performance level of controls under
normal listening conditions (dotted black line). This means that
juvenile-plugged ferrets adapt to an asymmetric hearing loss without
compromising their ability to localize accurately when normal hearing
becomes available. Error bars denote bootstrapped 95% confidence
intervals, with solid black lines showing group means. (B) Context-specific
reweighting of auditory spatial cues. Randomizing stimulus spectra across
trials is known to degrade the usefulness of spectral cues, since it
becomes unclear whether spectral features arise from the filtering effects
of the head and ears or are instead properties of the stimulus itself. Whilst
wearing an earplug, sound localization performance in juvenile-plugged
ferrets declined as the amount of spectral randomization was increased,
but this effect largely disappeared once the earplug was removed. Each line
shows data for an individual animal, either with an earplug in place (solid,
dark blue), following earplug removal (solid, pink), or after the reintroduction
of an earplug (dotted, dark blue). (C) To quantify the effects of spectral
randomization, slope values were calculated for the lines in (B) and are
plotted for different hearing conditions. Each symbol shows data from an
individual animal, with solid black lines indicating group means.
Performance of juvenile-plugged ferrets was only impaired by
randomization (negative slope values) when one ear was occluded. This
means that the localization behavior of juvenile-plugged ferrets became
more dependent on the spectral cues available to the contralateral ear
whenever a unilateral earplug was present. The lack of effect of spectral
randomization in the absence of the earplug suggests that the animals
were relying on binaural cues when normal inputs were available. (D)
Neural weighting index values are shown for neurons in the primary
auditory cortex of juvenile-plugged ferrets, either in the presence or
absence of a virtual earplug. Higher values indicate greater reliance on the
spectral cues provided by the developmentally non-occluded ear. In
juvenile-plugged ferrets, neural weighting index values change depending
on whether a virtual earplug is present or not. Controls do not show the
same effect, and are indistinguishable from juvenile-plugged ferrets under
normal hearing conditions (dotted black line shows mean neural weighting
index values for controls). This means that recurring monaural deprivation
during development leads to cortical neurons weighting auditory spatial
cues differently depending on whether a hearing loss is experienced,
providing a possible neural basis for the cue reweighting observed
behaviorally. Modified with permission from Keating et al. (2013a).
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Another important issue, however, concerns the amount of
normal sensory experience that is required to avoid the nega-
tive effects of hearing loss. In humans, deficits in spatial hearing
are observed if the proportion of abnormal hearing exceeds 50%
(Hogan and Moore, 2003) (Figure 6B). In ferrets, however, nor-
mal sound localization abilities can develop if the proportion
of normal hearing is approximately 20% (Keating et al., 2013a).
Although there are many factors that could explain this differ-
ence, it is likely that different tasks may be more or less sensitive
to abnormal hearing during development. Consequently, whilst
relatively simple tasks, such as localizing single sound sources
in quiet environments (Keating et al., 2013a), may require very
little experience of normal hearing, performance of tasks that
involve more complex processing (Hogan and Moore, 2003) may
require relatively more experience of normal hearing for these
abilities to be preserved following a period of asymmetric hear-
ing loss (Wilmington et al., 1994). An additional possibility is that
it may be beneficial to have access to at least one set of cues that
remains stable over time. If this were the case, then this would
explain why subjects reared with entirely normal hearing in one
ear (Keating et al., 2013a) appear to be less affected by hearing
loss than individuals who intermittently experienced abnormal
hearing in either ear (Knudsen and Knudsen, 1986; Hogan and
Moore, 2003). Future work, however, will be necessary to resolve
this issue.
CONTEXT-SPECIFICITY OF DEVELOPMENTAL PLASTICITY
Although studies of recurring hearing loss are directly relevant
to otitis media with effusion and its treatment (Hogan et al.,
1997; Whitton and Polley, 2011), they also have broader impli-
cations for our understanding of sensory processing in complex
multi-context environments (Qian et al., 2012). In naturalistic
situations, for example, the sensory environment may change
dramatically over time. This variability, however, may not be
entirely random, but may instead have specific statistical proper-
ties. The acoustical properties of a classroom, for example, may
be very different from those experienced beside a busy road,
although each may remain similar over time. The acoustical envi-
ronment may therefore transition between distinct contexts, each
of which is characterized by relatively stable statistical properties
(Qian et al., 2012). By alternating between normal and abnormal
acoustical contexts, recurring forms of hearing loss therefore pro-
vide an excellent experimental model for studying a much wider
class of problem faced by the brain.
Our finding that juvenile ferrets can adapt to a recurring
hearing loss in one ear by relying more on the monaural spec-
tral cues provided to the intact ear when the hearing loss is
present, whilst maintaining sensitivity to binaural cues under
normal hearing conditions, suggests that the developing audi-
tory system can process spatial cues in different ways depending
on the specific environmental context in which they are experi-
enced (Keating et al., 2013a) (Figure 7). Such context-dependent
processing therefore enables the auditory system to adapt to a
unilateral hearing loss without compromising its ability to use
normal spatial cues. On the grounds that bilingual individuals
can learn to interpret the same acoustic tokens in different ways
depending on the linguistic context in which they occur (Werker,
2012; Buchweitz and Prat, 2013), we can think of this type of
plasticity as “spatial bilingualism.”
By showing that developmental plasticity enables context-
dependent cue integration, this result ties together two distinct
lines of research on cue integration. On the one hand, devel-
opmental studies have demonstrated that the emergence of cue
integration depends on prior sensory experience (Wallace and
Stein, 2007; Xu et al., 2012; Yu et al., 2013). On the other hand,
numerous studies in adults have shown that cue weights can
be rapidly updated to reflect their relative reliability (Ernst and
Banks, 2002; Alais and Burr, 2004). In particular, behavioral
experiments in adult humans have demonstrated that cue weights
can be selectively updated for certain contexts or object classes,
but not others (Jacobs and Fine, 1999; Atkins et al., 2001; Seydell
et al., 2010). Very little is known, however, about the neural mech-
anisms that might enable the developing brain to learn to weight
different cues (Fiser et al., 2010; Berkes et al., 2011).
Similarly, in the auditory system, there is accumulating neu-
rophysiological evidence for various forms of context-dependent
processing. Cortical activity, for example, shows rapid changes
when individuals are required to perform specific tasks, with
the nature of these changes being determined by the specific
task requirements (Fritz et al., 2003, 2005; David et al., 2012;
Mesgarani and Chang, 2012). Although these effects are thought
to be mediated by attention, sensory context is also known to
influence auditory processing, since the tuning properties of neu-
rons can be modified by prior acoustical stimulation (Dean et al.,
2008; Dahmen et al., 2010; Wen et al., 2012; Yaron et al., 2012;
Nelken and De Cheveigne, 2013; Stange et al., 2013). Some stud-
ies have investigated the emergence of context-specific plasticity
in the auditory system (Diamond and Weinberger, 1989; Cohen
et al., 2011), but this work has tended to focus on the adult.
Consequently, it is less clear how context-dependent process-
ing emerges during development. In this respect, developmental
studies of recurring hearing loss may therefore provide a useful
tool for future work.
NEURAL TRACES OF CONTEXT-DEPENDENT PLASTICITY
In the specific case of spatial hearing, a key goal for future research
will be to characterize the neural circuitry that enables develop-
mental plasticity to be selectively expressed in specific contexts.
One possibility is that the brain maintains neural circuits that
are appropriate for different sensory contexts but functionally
silences circuits that are not appropriate for the prevailing sensory
conditions. Consistent with this view, studies in barn owls have
shown that prism rearing results in the emergence of novel con-
nections between the ICX and the optic tectum, which provide
an anatomical basis for adaptive shifts in ITD tuning that realign
the tectal maps of auditory and visual space. These abnormal con-
nections persist following the removal of the prisms and coexist
with connections that are appropriate to normal sensory experi-
ence, which likely accounts for the capacity of the owls to readapt
in later life to the same audiovisual mismatch encountered dur-
ing development (Linkenhoker and Knudsen, 2002; Linkenhoker
et al., 2005).
Interestingly, only one set of connections between the ICX and
optic tectum appears to be functionally expressed at any given
Frontiers in Systems Neuroscience www.frontiersin.org December 2013 | Volume 7 | Article 123 | 14
Keating and King Developmental plasticity of spatial hearing
time, with GABA-mediated inhibition implicated in the selection
and stabilization of a particular set of connections (Zheng and
Knudsen, 1999, 2001). Similarly, following temporary monocu-
lar occlusion during development, mice acquire novel anatomical
specializations that persist long after normal vision is restored
(Hofer et al., 2009). Although these changes have very little
impact on neurophysiological response properties under condi-
tions of normal vision, they nevertheless appear to facilitate more
rapid and extensive changes in the visual cortex following a sub-
sequent period of monocular occlusion later in life (Hofer et al.,
2006, 2009).
In this way, prior experience can produce changes in neural
circuitry that appear to be functionally silenced unless the brain is
exposed to specific sensory conditions. Although sensory systems
may require relatively long periods of time to switch on function-
ally silenced circuits, it is equally possible that the brain might
learn to rapidly transition between using different circuits. This
is likely to be particularly true in situations, such as a recurring
hearing loss in one ear, where the auditory system has plenty of
experience in switching between different acoustical conditions
(Keating et al., 2013a).
However, whilst a recurring hearing loss can produce dramatic
changes in auditory input, acoustical conditions can also vary,
albeit to a lesser extent, in naturalistic environments. Context-
dependent updating of spatial processing is therefore likely to
be a general feature of the auditory system, even in individu-
als without a history of hearing loss. Consistent with this view,
two recent studies have shown that the mature auditory sys-
tem can undergo rapid changes in binaural spatial processing in
response to prior acoustical stimulation. In one of these studies,
shifts in ILD sensitivity were observed in the ICc as a func-
tion of prior stimulus statistics (Dahmen et al., 2010), whilst
the other demonstrated GABAB receptor-mediated adaptation
in the population code for ITDs found in the MSO (Stange
et al., 2013). Although dynamic processing of binaural cues
cannot account for the context-dependent plasticity induced by
unilateral hearing loss in developing animals (Keating et al.,
2013a), similar principles may be involved. Indeed, the adaptive
mechanisms that have been observed in normally reared adults
may themselves be plastic. In this way, adapting to a recurring
hearing loss, either in development or adulthood, may utilize
mechanisms that contribute to flexible processing of acoustical
inputs under normal hearing conditions. Consequently, stud-
ies of recurring hearing loss may provide important insights
into normal as well as abnormal adaptive processes in the
brain.
CONCLUSIONS
Studies of asymmetric hearing loss have shown that the mech-
anisms underlying spatial hearing are remarkably plastic during
development, with behavioral adaptation in response to altered
sensory inputs reported in different species. The underlying basis
for adaptation to asymmetric hearing loss appears, however, to
vary across species. Thus, barn owls can learn with experience
to use altered binaural spatial cues, whereas mammals appear
to become more dependent on cues that remain intact and less
on those that change in value as a result of the hearing loss.
Further research is therefore needed to unravel the reasons for
this difference. In addition, whilst the neural basis for behavioral
plasticity has been well characterized in barn owls, correspond-
ing studies in mammals are still at a comparatively early stage,
highlighting the need for further work in this area.
Although this capacity for change enables the auditory system
to adapt to abnormal acoustical inputs, it also represents a major
source of developmental vulnerability. In many cases, prolonged
periods of hearing loss may lead to amblyaudia, a condition in
which the auditory system is unable to fully exploit acoustical
input provided to the affected ear if normal hearing is subse-
quently restored. To the extent that binaural spatial hearing is
important for speech comprehension in noisy, naturalistic envi-
ronments, this may have secondary effects on linguistic, cognitive,
social and educational development. It is therefore important
to identify individuals who are particularly at risk and identify
appropriate strategies for clinical intervention.
In this respect, a key finding to emerge from studies of asym-
metric hearing loss is that spatial hearing may be particularly
labile early in development. The timing and duration of hearing
loss, as well as any necessary clinical intervention, are therefore
of considerable importance. Although the stability of hearing
loss is likely to play a similarly important role in determining
whether intervention is necessary, as well as guiding how inter-
vention might be successfully achieved, this issue has received
much less attention in the experimental literature. Recent work,
however, suggests that brief intermittent periods of normal hear-
ing may play a protective role, reducing the longer term effects on
auditory function when normal inputs become available. In this
way, recurring forms of hearing loss may be less damaging than
more stable deficits in hearing. Consequently, for individuals who
experience a stable hearing loss in one ear, the provision of even
relatively brief, intermittent periods of balanced hearing may help
to protect against amblyaudia.
Investigation of how the auditory system responds to recur-
ring hearing loss is likely to provide additional insight into a
fundamental aspect of neural processing, namely the mechanisms
that enable sensory inputs to be processed differently depending
on the context in which they occur. In this respect, the context-
dependent cue integration revealed by these studies may represent
one of the mechanisms through which the auditory system main-
tains stable and efficient representations of auditory space in
different acoustical environments.
To the extent that auditory processing and perception are
influenced by sensory context, research in this field may also
have important implications for rehabilitation strategies follow-
ing hearing loss. It has been suggested, for example, that cochlear
implants could make use of signal processing strategies that are
optimized for specific acoustical contexts, and switch between
those strategies depending on the prevailing acoustical conditions
(Hu and Loizou, 2010). However, in addition to implementing
context-dependence at the level of the device itself, stimulation
and rehabilitation strategies might also be designed to exploit the
ability of the auditory system to process identical inputs in differ-
ent ways depending on the context in which they occur. In this
way, it may be possible to leverage context-dependent processing
for improving perceptual abilities following hearing loss.
Frontiers in Systems Neuroscience www.frontiersin.org December 2013 | Volume 7 | Article 123 | 15
Keating and King Developmental plasticity of spatial hearing
ACKNOWLEDGMENTS
The authors’ research is supported by theWellcome Trust through
a Principal Research Fellowship (WT076508AIA) to Andrew
J. King and was previously supported by a Newton Abraham
Studentship to Peter Keating.
REFERENCES
Agterberg, M. J., Hol, M. K., Cremers, C. W., Mylanus, E. A., Van Opstal,
J., and Snik, A. F. (2011). Conductive hearing loss and bone conduction
devices: restored binaural hearing? Adv. Otorhinolaryngol. 71, 84–91. doi:
10.1159/000323587
Agterberg, M. J., Snik, A. F., Hol, M. K., Van Wanrooij, M. M., and Van Opstal,
A. J. (2012). Contribution of monaural and binaural cues to sound localiza-
tion in listeners with acquired unilateral conductive hearing loss: improved
directional hearing with a bone-conduction device. Hear. Res. 286, 9–18. doi:
10.1016/j.heares.2012.02.012
Alais, D., and Burr, D. (2004). The ventriloquist effect results from near-
optimal bimodal integration. Curr. Biol. 14, 257–262. doi: 10.1016/S0960-
9822(04)00043-0
Alais, D., Newell, F. N., and Mamassian, P. (2010). Multisensory processing
in review: from physiology to behaviour. Seeing Perceiving 23, 3–38. doi:
10.1163/187847510X488603
Alvarado, J. C., Stanford, T. R., Vaughan, J. W., and Stein, B. E. (2007).
Cortex mediates multisensory but not unisensory integration in superior
colliculus. J. Neurosci. 27, 12775–12786. doi: 10.1523/JNEUROSCI.3524-
07.2007
Atkins, J. E., Fiser, J., and Jacobs, R. A. (2001). Experience-dependent visual cue
integration based on consistencies between visual and haptic percepts. Vision
Res. 41, 449–461. doi: 10.1016/S0042-6989(00)00254-6
Bajo, V. M., and King, A. J. (2013). Cortical modulation of auditory processing in
the midbrain. Front. Neural Circuits 6:114. doi: 10.3389/fncir.2012.00114
Bajo, V. M., Nodal, F. R., Moore, D. R., and King, A. J. (2010). The descending
corticocollicular pathway mediates learning-induced auditory plasticity. Nat.
Neurosci. 13, 253–260. doi: 10.1038/nn.2466
Beggs, W. D., and Foreman, D. L. (1980). Sound localization and early binaural
experience in the deaf. Br. J. Audiol. 14, 41–48. doi: 10.3109/03005368009078899
Bergan, J. F., Ro, P., Ro, D., and Knudsen, E. I. (2005). Hunting increases adap-
tive auditory map plasticity in adult barn owls. J. Neurosci. 25, 9816–9820. doi:
10.1523/JNEUROSCI.2533-05.2005
Berkes, P., Orban, G., Lengyel, M., and Fiser, J. (2011). Spontaneous cortical activity
reveals hallmarks of an optimal internal model of the environment. Science 331,
83–87. doi: 10.1126/science.1195870
Bernstein, L. R., and Trahiotis, C. (2002). Enhancing sensitivity to interaural delays
at high frequencies by using “transposed stimuli.” J. Acoust. Soc. Am. 112,
1026–1036. doi: 10.1121/1.1497620
Bess, F. H., Tharpe, A. M., and Gibler, A. M. (1986). Auditory performance of
children with unilateral sensorineural hearing loss. Ear Hear. 7, 20–26. doi:
10.1097/00003446-198602000-00005
Blatchley, B. J., Williams, J. E., and Coleman, J. R. (1983). Age-dependent effects of
acoustic deprivation on spherical cells of the rat anteroventral cochlear nucleus.
Exp. Neurol. 80, 81–93. doi: 10.1016/0014-4886(83)90008-0
Blauert, J. (1997). Spatial Hearing: The Psychophysics of Human Sound Localization.
Cambridge, MA; London: MIT Press.
Brainard,M. S., and Knudsen, E. I. (1998). Sensitive periods for visual calibration of
the auditory space map in the barn owl optic tectum. J. Neurosci. 18, 3929–3942.
Brown, C. H., Beecher, M. D., Moody, D. B., and Stebbins, W. C. (1978).
Localization of pure tones by old world monkeys. J. Acoust. Soc. Am. 63,
1484–1492. doi: 10.1121/1.381842
Brugge, J. F., Orman, S. S., Coleman, J. R., Chan, J. C., and Phillips, D. P.
(1985). Binaural interactions in cortical area AI of cats reared with unilateral
atresia of the external ear canal. Hear. Res. 20, 275–287. doi: 10.1016/0378-
5955(85)90032-2
Brughera, A., Dunai, L., and Hartmann, W. M. (2013). Human interaural time dif-
ference thresholds for sine tones: the high-frequency limit. J. Acoust. Soc. Am.
133, 2839–2855. doi: 10.1121/1.4795778
Buchweitz, A., and Prat, C. (2013). The bilingual brain: flexibility and control in
the human cortex. Phys. Life Rev. 10, 428–443. doi: 10.1016/j.plrev.2013.07.020
Carlile, S., Martin, R., and McAnally, K. (2005). Spectral information in
sound localization. Int. Rev. Neurobiol. 70, 399–434. doi: 10.1016/S0074-
7742(05)70012-X
Chang, E. F., and Merzenich, M. M. (2003). Environmental noise retards auditory
cortical development. Science 300, 498–502. doi: 10.1126/science.1082163
Chase, S. M., and Young, E. D. (2005). Limited segregation of different types of
sound localization information among classes of units in the inferior colliculus.
J. Neurosci. 25, 7575–7585. doi: 10.1523/JNEUROSCI.0915-05.2005
Clayards, M., Tanenhaus, M. K., Aslin, R. N., and Jacobs, R. A. (2008). Perception of
speech reflects optimal use of probabilistic speech cues. Cognition 108, 804–809.
doi: 10.1016/j.cognition.2008.04.004
Clements, M., and Kelly, J. B. (1978). Auditory spatial responses of young guinea
pigs (Cavia porcellus) during and after ear blocking. J. Comp. Physiol. Psychol.
92, 34–44. doi: 10.1037/h0077424
Clopton, B. M., and Silverman, M. S. (1977). Plasticity of binaural interac-
tion. II. Critical period and changes in midline response. J. Neurophysiol. 40,
1275–1280.
Cohen, L., Rothschild, G., and Mizrahi, A. (2011). Multisensory integration of
natural odors and sounds in the auditory cortex. Neuron 72, 357–369. doi:
10.1016/j.neuron.2011.08.019
Cohen, Y. E., and Knudsen, E. I. (1999). Maps versus clusters: different represen-
tations of auditory space in the midbrain and forebrain. Trends Neurosci. 22,
128–135. doi: 10.1016/S0166-2236(98)01295-8
Coleman, J. R., and O’Connor, P. (1979). Effects of monaural and binaural sound
deprivation on cell development in the anteroventral cochlear nucleus of rats.
Exp. Neurol. 64, 553–566. doi: 10.1016/0014-4886(79)90231-0
Dahmen, J. C., Keating, P., Nodal, F. R., Schulz, A. L., and King, A. J. (2010).
Adaptation to stimulus statistics in the perception and neural representation
of auditory space. Neuron 66, 937–948. doi: 10.1016/j.neuron.2010.05.018
David, S. V., Fritz, J. B., and Shamma, S. A. (2012). Task reward structure shapes
rapid receptive field plasticity in auditory cortex. Proc. Natl. Acad. Sci. U.S.A.
109, 2144–2149. doi: 10.1073/pnas.1117717109
Daw, N. W. (2009). The foundations of development and deprivation in the visual
system. J. Physiol. 587, 2769–2773. doi: 10.1113/jphysiol.2009.170001
Dean, I., Robinson, B. L., Harper, N. S., and McAlpine, D. (2008). Rapid
neural adaptation to sound level statistics. J. Neurosci. 28, 6430–6438. doi:
10.1523/JNEUROSCI.0470-08.2008
De Villers-Sidani, E., Chang, E. F., Bao, S., and Merzenich, M. M. (2007). Critical
period window for spectral tuning defined in the primary auditory cortex
(A1) in the rat. J. Neurosci. 27, 180–189. doi: 10.1523/JNEUROSCI.3227-
06.2007
De Villers-Sidani, E., and Merzenich, M. M. (2011). Lifelong plasticity in the rat
auditory cortex: basic mechanisms and role of sensory experience. Prog. Brain
Res. 191, 119–131. doi: 10.1016/B978-0-444-53752-2.00009-6
Diamond, D. M., and Weinberger, N. M. (1989). Role of context in the expres-
sion of learning-induced plasticity of single neurons in auditory cortex. Behav.
Neurosci. 103, 471–494. doi: 10.1037/0735-7044.103.3.471
Dorrn, A. L., Yuan, K., Barker, A. J., Schreiner, C. E., and Froemke, R. C. (2010).
Developmental sensory experience balances cortical excitation and inhibition.
Nature 465, 932–936. doi: 10.1038/nature09119
Doupe, A. J., and Kuhl, P. K. (1999). Birdsong and human speech: com-
mon themes and mechanisms. Annu. Rev. Neurosci. 22, 567–631. doi:
10.1146/annurev.neuro.22.1.567
Duffy, K. R., and Mitchell, D. E. (2013). Darkness alters maturation of visual cor-
tex and promotes fast recovery from monocular deprivation. Curr. Biol. 23,
382–386. doi: 10.1016/j.cub.2013.01.017
Engel, J., Anteunis, L., Volovics, A., Hendriks, J., and Marres, E. (1999). Prevalence
rates of otitis media with effusion from 0 to 2 years of age: healthy-born ver-
sus high-risk-born infants. Int. J. Pediatr. Otorhinolaryngol. 47, 243–251. doi:
10.1016/S0165-5876(98)00185-2
Ernst, M. O., and Banks, M. S. (2002). Humans integrate visual and hap-
tic information in a statistically optimal fashion. Nature 415, 429–433. doi:
10.1038/415429a
Fiser, J., Berkes, P., Orban, G., and Lengyel, M. (2010). Statistically optimal percep-
tion and learning: from behavior to neural representations. Trends Cogn. Sci. 14,
119–130. doi: 10.1016/j.tics.2010.01.003
Fritz, J. B., Elhilali, M., and Shamma, S. A. (2005). Differential dynamic plasticity
of A1 receptive fields during multiple spectral tasks. J. Neurosci. 25, 7623–7635.
doi: 10.1523/JNEUROSCI.1318-05.2005
Frontiers in Systems Neuroscience www.frontiersin.org December 2013 | Volume 7 | Article 123 | 16
Keating and King Developmental plasticity of spatial hearing
Fritz, J., Shamma, S., Elhilali, M., and Klein, D. (2003). Rapid task-related plasticity
of spectrotemporal receptive fields in primary auditory cortex. Nat. Neurosci. 6,
1216–1223. doi: 10.1038/nn1141
Gold, J. I., and Knudsen, E. I. (1999). Hearing impairment induces frequency-
specific adjustments in auditory spatial tuning in the optic tectum of young
owls. J. Neurophysiol. 82, 2197–2209.
Gold, J. I., and Knudsen, E. I. (2000a). Abnormal auditory experience induces
frequency-specific adjustments in unit tuning for binaural localization cues in
the optic tectum of juvenile owls. J. Neurosci. 20, 862–877.
Gold, J. I., and Knudsen, E. I. (2000b). A site of auditory experience-dependent
plasticity in the neural representation of auditory space in the barn owl’s inferior
colliculus. J. Neurosci. 20, 3469–3486.
Gold, J. I., and Knudsen, E. I. (2001). Adaptive adjustment of connectiv-
ity in the inferior colliculus revealed by focal pharmacological inactivation.
J. Neurophysiol. 85, 1575–1584.
Gordon, K. A., Wong, D. D., and Papsin, B. C. (2013). Bilateral input protects the
cortex from unilaterally-driven reorganization in children who are deaf. Brain
136, 1609–1625. doi: 10.1093/brain/awt052
Graham, J., Vickers, D., Eyles, J., Brinton, J., Al Malky, G., Aleksy, W., et al. (2009).
Bilateral sequential cochlear implantation in the congenitally deaf child: evi-
dence to support the concept of a ‘critical age’ after which the second ear is less
likely to provide an adequate level of speech perception on its own. Cochlear
Implants Int. 10, 119–141. doi: 10.1002/cii.419
Gravel, J. S., and Wallace, I. F. (2000). Effects of otitis media with effusion on
hearing in the first 3 years of life. J. Speech Lang. Hear. Res. 43, 631–644.
Gray, L., Kesser, B., and Cole, E. (2009). Understanding speech in noise after cor-
rection of congenital unilateral aural atresia: effects of age in the emergence of
binaural squelch but not in use of head-shadow. Int. J. Pediatr. Otorhinolaryngol.
73, 1281–1287. doi: 10.1016/j.ijporl.2009.05.024
Grothe, B., Pecka, M., and McAlpine, D. (2010). Mechanisms of sound localization
in mammals. Physiol. Rev. 90, 983–1012. doi: 10.1152/physrev.00026.2009
Hall, J. W. 3rd., and Derlacki, E. L. (1988). Binaural hearing after middle ear
surgery. Masking-level difference for interaural time and amplitude cues.
Audiology 27, 89–98. doi: 10.3109/00206098809081579
Harper, N. S., and McAlpine, D. (2004). Optimal neural population coding of an
auditory spatial cue. Nature 430, 682–686. doi: 10.1038/nature02768
Hartley, D. E., and Moore, D. R. (2003). Effects of conductive hearing loss on tem-
poral aspects of sound transmission through the ear. Hear. Res. 177, 53–60. doi:
10.1016/S0378-5955(02)00797-9
Hausmann, L., Von Campenhausen, M., Endler, F., Singheiser, M., and Wagner,
H. (2009). Improvements of sound localization abilities by the facial ruff of
the barn owl (Tyto alba) as demonstrated by virtual ruff removal. PLoS ONE
4:e7721. doi: 10.1371/journal.pone.0007721
Heffner, H. E., and Heffner, R. S. (1990). Effect of bilateral auditory cortex lesions
on sound localization in Japanese macaques. J. Neurophysiol. 64, 915–931.
Henning, G. B. (1974). Detectability of interaural delay in high-frequency complex
waveforms. J. Acoust. Soc. Am. 55, 84–90. doi: 10.1121/1.1928135
Hofer, S. B., Mrsic-Flogel, T. D., Bonhoeffer, T., and Hubener, M. (2006). Prior
experience enhances plasticity in adult visual cortex. Nat. Neurosci. 9, 127–132.
doi: 10.1038/nn1610
Hofer, S. B., Mrsic-Flogel, T. D., Bonhoeffer, T., and Hubener, M. (2009).
Experience leaves a lasting structural trace in cortical circuits. Nature 457,
313–317. doi: 10.1038/nature07487
Hofman, P. M., and Van Opstal, A. J. (2002). Bayesian reconstruction of sound
localization cues from responses to random spectra. Biol. Cybern. 86, 305–316.
doi: 10.1007/s00422-001-0294-x
Hogan, S. C., and Moore, D. R. (2003). Impaired binaural hearing in children pro-
duced by a threshold level of middle ear disease. J. Assoc. Res. Otolaryngol. 4,
123–129. doi: 10.1007/s10162-002-3007-9
Hogan, S. C., Stratford, K. J., and Moore, D. R. (1997). Duration and recurrence
of otitis media with effusion in children from birth to 3 years: prospective
study using monthly otoscopy and tympanometry. BMJ 314, 350–353. doi:
10.1136/bmj.314.7077.350
Houben, D., and Gourevitch, G. (1979). Auditory lateralization in monkeys: an
examination of two cues serving directional hearing. J. Acoust. Soc. Am. 66,
1057–1063. doi: 10.1121/1.383377
Hu, Y., and Loizou, P. C. (2010). Environment-specific noise suppression for
improved speech intelligibility by cochlear implant users. J. Acoust. Soc. Am.
127, 3689–3695. doi: 10.1121/1.3365256
Humes, L. E., Allen, S. K., and Bess, F. H. (1980). Horizontal sound localization
skills of unilaterally hearing-impaired children. Audiology 19, 508–518. doi:
10.3109/00206098009070082
Illg, A., Giourgas, A., Kral, A., Buchner, A., Lesinski-Schiedat, A., and Lenarz,
T. (2013). Speech comprehension in children and adolescents after sequential
bilateral cochlear implantation with long interimplant interval. Otol. Neurotol.
34, 682–689. doi: 10.1097/MAO.0b013e31828bb75e
Irvine, D. R., and Wright, B. A. (2005). Plasticity of spectral processing. Int. Rev.
Neurobiol. 70, 435–472. doi: 10.1016/S0074-7742(05)70013-1
Irving, S., and Moore, D. R. (2011). Training sound localization in normal hearing
listeners with and without a unilateral ear plug. Hear. Res. 280, 100–108. doi:
10.1016/j.heares.2011.04.020
Irving, S., Moore, D. R., Liberman, M. C., and Sumner, C. J. (2011). Olivocochlear
efferent control in sound localization and experience-dependent learning.
J. Neurosci. 31, 2493–2501. doi: 10.1523/JNEUROSCI.2679-10.2011
Jacobs, R. A. (1999). Optimal integration of texture and motion cues to depth.
Vision Res. 39, 3621–3629. doi: 10.1016/S0042-6989(99)00088-7
Jacobs, R. A., and Fine, I. (1999). Experience-dependent integration of texture
and motion cues to depth. Vision Res. 39, 4062–4075. doi: 10.1016/S0042-
6989(99)00120-0
Javer, A. R., and Schwarz, D. W. (1995). Plasticity in human directional hearing.
J. Otolaryngol. 24, 111–117.
Jiang,W., Jiang, H., and Stein, B. E. (2006). Neonatal cortical ablation disruptsmul-
tisensory development in superior colliculus. J. Neurophysiol. 95, 1380–1396.
doi: 10.1152/jn.00880.2005
Johnstone, P. M., Nabelek, A. K., and Robertson, V. S. (2010). Sound localization
acuity in children with unilateral hearing loss who wear a hearing aid in the
impaired ear. J. Am. Acad. Audiol. 21, 522–534. doi: 10.3766/jaaa.21.8.4
Kacelnik, O., Nodal, F. R., Parsons, C. H., and King, A. J. (2006). Training-induced
plasticity of auditory localization in adult mammals. PLoS Biol. 4, 627–638. doi:
10.1371/journal.pbio.0040071
Keating, P., Dahmen, J. C., and King, A. J. (2013a). Context-specific reweighting
of auditory spatial cues following altered experience during development. Curr.
Biol. 23, 1291–1299. doi: 10.1016/j.cub.2013.05.045
Keating, P., Nodal, F. R., and King, A. J. (2013b). Behavioral sensitivity to binau-
ral spatial cues in ferrets: evidence for plasticity in the duplex theory of sound
localization. Eur. J. Neurosci. doi: 10.1111/ejn.12402. [Epub ahead of print].
Keuroghlian, A. S., and Knudsen, E. I. (2007). Adaptive auditory plastic-
ity in developing and adult animals. Prog. Neurobiol. 82, 109–121. doi:
10.1016/j.pneurobio.2007.03.005
Kidd, G. Jr., Arbogast, T. L., Mason, C. R., and Gallun, F. J. (2005). The advan-
tage of knowing where to listen. J. Acoust. Soc. Am. 118, 3804–3815. doi:
10.1121/1.2109187
King, A. J. (2009). Visual influences on auditory spatial learning. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 364, 331–339. doi: 10.1098/rstb.2008.0230
King, A. J., Dahmen, J. C., Keating, P., Leach, N. D., Nodal, F. R., and Bajo,
V. M. (2011). Neural circuits underlying adaptation and learning in the
perception of auditory space. Neurosci. Biobehav. Rev. 35, 2129–2139. doi:
10.1016/j.neubiorev.2011.03.008
King, A. J., and Hutchings, M. E. (1987). Spatial response properties of acoustically
responsive neurons in the superior colliculus of the ferret: a map of auditory
space. J. Neurophysiol. 57, 596–624.
King, A. J., Schnupp, J. W., and Doubell, T. P. (2001). The shape of ears to
come: dynamic coding of auditory space. Trends Cogn. Sci. 5, 261–270. doi:
10.1016/S1364-6613(00)01660-0
Knill, D. C., and Pouget, A. (2004). The Bayesian brain: the role of uncer-
tainty in neural coding and computation. Trends Neurosci. 27, 712–719. doi:
10.1016/j.tins.2004.10.007
Knudsen, E. I. (1985). Experience alters the spatial tuning of auditory units in the
optic tectum during a sensitive period in the barn owl. J. Neurosci. 5, 3094–3109.
Knudsen, E. I., Esterly, S. D., and Knudsen, P. F. (1984a). Monaural occlusion alters
sound localization during a sensitive period in the barn owl. J. Neurosci. 4,
1001–1011.
Knudsen, E. I., Knudsen, P. F., and Esterly, S. D. (1984b). A critical period for the
recovery of sound localization accuracy following monaural occlusion in the
barn owl. J. Neurosci. 4, 1012–1020.
Knudsen, E. I., and Knudsen, P. F. (1986). The sensitive period for auditory
localization in barn owls is limited by age, not by experience. J. Neurosci. 6,
1918–1924.
Frontiers in Systems Neuroscience www.frontiersin.org December 2013 | Volume 7 | Article 123 | 17
Keating and King Developmental plasticity of spatial hearing
Kopcˇo, N., Huang, S., Belliveau, J. W., Raij, T., Tengshe, C., and Ahveninen, J.
(2012). Neuronal representations of distance in human auditory cortex. Proc.
Natl. Acad. Sci. U.S.A. 109, 11019–11024. doi: 10.1073/pnas.1119496109
Köppl, C. (1997). Phase locking to high frequencies in the auditory nerve and
cochlear nucleus magnocellularis of the barn owl, Tyto alba. J. Neurosci. 17,
3312–3321.
Kral, A., Hubka, P., Heid, S., and Tillein, J. (2013). Single-sided deafness leads to
unilateral aural preference within an early sensitive period. Brain 136, 180–193.
doi: 10.1093/brain/aws305
Kumpik, D. P., Kacelnik, O., and King, A. J. (2010). Adaptive reweighting of audi-
tory localization cues in response to chronic unilateral earplugging in humans.
J. Neurosci. 30, 4883–4894. doi: 10.1523/JNEUROSCI.5488-09.2010
Linkenhoker, B. A., and Knudsen, E. I. (2002). Incremental training increases the
plasticity of the auditory space map in adult barn owls. Nature 419, 293–296.
doi: 10.1038/nature01002
Linkenhoker, B. A., Von Der Ohe, C. G., and Knudsen, E. I. (2005). Anatomical
traces of juvenile learning in the auditory system of adult barn owls. Nat.
Neurosci. 8, 93–98. doi: 10.1038/nn1367
Litovsky, R. Y., Jones, G. L., Agrawal, S., and Van Hoesel, R. (2010). Effect of age at
onset of deafness on binaural sensitivity in electric hearing in humans. J. Acoust.
Soc. Am. 127, 400–414. doi: 10.1121/1.3257546
Loftus, W. C., Bishop, D. C., and Oliver, D. L. (2010). Differential patterns of inputs
create functional zones in central nucleus of inferior colliculus. J. Neurosci. 30,
13396–13408. doi: 10.1523/JNEUROSCI.0338-10.2010
Lupo, J. E., Koka, K., Thornton, J. L., and Tollin, D. J. (2010). The effects of
experimentally induced conductive hearing loss on spectral and temporal
aspects of sound transmission through the ear. Hear. Res. 272, 30–41. doi:
10.1016/j.heares.2010.11.003
Macpherson, E. A., and Middlebrooks, J. C. (2002). Listener weighting of cues for
lateral angle: the duplex theory of sound localization revisited. J. Acoust. Soc.
Am. 111, 2219–2236. doi: 10.1121/1.1471898
Malhotra, S., Hall, A. J., and Lomber, S. G. (2004). Cortical control of sound
localization in the cat: unilateral cooling deactivation of 19 cerebral areas.
J. Neurophysiol. 92, 1625–1643. doi: 10.1152/jn.01205.2003
Merzenich, M. M., Jenkins, W. M., Johnston, P., Schreiner, C., Miller, S.
L., and Tallal, P. (1996). Temporal processing deficits of language-learning
impaired children ameliorated by training. Science 271, 77–81. doi: 10.1126/sci-
ence.271.5245.77
Mesgarani, N., and Chang, E. F. (2012). Selective cortical representation of
attended speaker in multi-talker speech perception. Nature 485, 233–236. doi:
10.1038/nature11020
Middlebrooks, J. C., and Green, D. M. (1991). Sound localization by human listen-
ers. Annu. Rev. Psychol. 42, 135–159. doi: 10.1146/annurev.ps.42.020191.001031
Miller, G. L., and Knudsen, E. I. (2001). Early auditory experience induces
frequency-specific, adaptive plasticity in the forebrain gaze fields of the barn
owl. J. Neurophysiol. 85, 2184–2194.
Miller, G. L., and Knudsen, E. I. (2003). Adaptive plasticity in the auditory thalamus
of juvenile barn owls. J. Neurosci. 23, 1059–1065.
Mitchell, D. E., Kennie, J., Schwarzkopf, D. S., and Sengpiel, F. (2009). Daily
mixed visual experience that prevents amblyopia in cats does not always
allow the development of good binocular depth perception. J. Vis. 9:22. doi:
10.1167/9.5.22
Mitchell, D. E., Kind, P. C., Sengpiel, F., and Murphy, K. (2003). Brief daily peri-
ods of binocular vision prevent deprivation-induced acuity loss. Curr. Biol. 13,
1704–1708. doi: 10.1016/j.cub.2003.09.026
Mitchell, D. E., Kind, P. C., Sengpiel, F., and Murphy, K. (2006). Short peri-
ods of concordant binocular vision prevent the development of deprivation
amblyopia. Eur. J. Neurosci. 23, 2458–2466. doi: 10.1111/j.1460-9568.2006.
04755.x
Mitchell, D. E., Sengpiel, F., Hamilton, D. C., Schwarzkopf, D. S., and Kennie,
J. (2011). Protection against deprivation amblyopia depends on relative not
absolute daily binocular exposure. J. Vis. 11:13. doi: 10.1167/11.7.13
Mogdans, J., and Knudsen, E. I. (1992). Adaptive adjustment of unit tuning to
sound localization cues in response to monaural occlusion in developing owl
optic tectum. J. Neurosci. 12, 3473–3484.
Mogdans, J., and Knudsen, E. I. (1993). Early monaural occlusion alters the neural
map of interaural level differences in the inferior colliculus of the barn owl.
Brain Res. 619, 29–38. doi: 10.1016/0006-8993(93)91593-H
Mogdans, J., and Knudsen, E. I. (1994). Site of auditory plasticity in the brain stem
(VLVp) of the owl revealed by early monaural occlusion. J. Neurophysiol. 72,
2875–2891.
Moiseff, A. (1989). Bi-coordinate sound localization by the barn owl. J. Comp.
Physiol. A 164, 637–644. doi: 10.1007/BF00614506
Moiseff, A., and Konishi,M. (1981). Neuronal and behavioral sensitivity to binaural
time differences in the owl. J. Neurosci. 1, 40–48.
Moore, D. R. (2002). Auditory development and the role of experience. Br. Med.
Bull. 63, 171–181. doi: 10.1093/bmb/63.1.171
Moore, D. R., Hartley, D. E., and Hogan, S. C. (2003). Effects of otitis media with
effusion (OME) on central auditory function. Int. J. Pediatr. Otorhinolaryngol.
67(Suppl. 1), S63–S67. doi: 10.1016/j.ijporl.2003.08.015
Moore, D. R., Hine, J. E., Jiang, Z. D., Matsuda, H., Parsons, C. H., and King,
A. J. (1999). Conductive hearing loss produces a reversible binaural hearing
impairment. J. Neurosci. 19, 8704–8711.
Moore, D. R., Hutchings, M. E., King, A. J., and Kowalchuk, N. E. (1989). Auditory
brain stem of the ferret: some effects of rearing with a unilateral ear plug on the
cochlea, cochlear nucleus, and projections to the inferior colliculus. J. Neurosci.
9, 1213–1222.
Moore, D. R., and Irvine, D. R. (1981). Plasticity of binaural interaction in the cat
inferior colliculus. Brain Res. 208, 198–202. doi: 10.1016/0006-8993(81)90632-6
Moore, D. R., and King, A. J. (2004). “Plasticity of binaural systems,” in Plasticity of
the Auditory System, eds T. N. Parks, E. W. Rubel, and A. N. Popper (New York,
NY: Springer), xii, 323 p.
Moore, D. R., and Kowalchuk, N. E. (1988). Auditory brainstem of the ferret: effects
of unilateral cochlear lesions on cochlear nucleus volume and projections to the
inferior colliculus. J. Comp. Neurol. 272, 503–515. doi: 10.1002/cne.902720405
Musicant, A. D., and Butler, R. A. (1984). The influence of pinnae-based spec-
tral cues on sound localization. J. Acoust. Soc. Am. 75, 1195–1200. doi:
10.1121/1.390770
Musicant, A. D., Chan, J. C., and Hind, J. E. (1990). Direction-dependent spectral
properties of cat external ear: new data and cross-species comparisons. J. Acoust.
Soc. Am. 87, 757–781. doi: 10.1121/1.399545
Nelken, I., and De Cheveigne, A. (2013). An ear for statistics. Nat. Neurosci. 16,
381–382. doi: 10.1038/nn.3360
Newton, V. E. (1983). Sound localisation in children with a severe unilateral hearing
loss. Audiology 22, 189–198. doi: 10.3109/00206098309072782
Nodal, F. R., Bajo, V. M., and King, A. J. (2012). Plasticity of spatial hearing:
behavioural effects of cortical inactivation. J. Physiol. 590, 3965–3986. doi:
10.1113/jphysiol.2011.222828
Nodal, F. R., Kacelnik, O., Bajo, V. M., Bizley, J. K., Moore, D. R., and King,
A. J. (2010). Lesions of the auditory cortex impair azimuthal sound local-
ization and its recalibration in ferrets. J. Neurophysiol. 103, 1209–1225. doi:
10.1152/jn.00991.2009
Noreña, A. J., Gourevitch, B., Aizawa, N., and Eggermont, J. J. (2006). Spectrally
enhanced acoustic environment disrupts frequency representation in cat audi-
tory cortex. Nat. Neurosci. 9, 932–939. doi: 10.1038/nn1720
Palmer, A. R., and King, A. J. (1982). The representation of auditory space in the
mammalian superior colliculus. Nature 299, 248–249. doi: 10.1038/299248a0
Parsons, C. H., Lanyon, R. G., Schnupp, J. W., and King, A. J. (1999). Effects of
altering spectral cues in infancy on horizontal and vertical sound localization
by adult ferrets. J. Neurophysiol. 82, 2294–2309.
Pienkowski, M., and Eggermont, J. J. (2009). Long-term, partially-reversible reor-
ganization of frequency tuning in mature cat primary auditory cortex can be
induced by passive exposure to moderate-level sounds. Hear. Res. 257, 24–40.
doi: 10.1016/j.heares.2009.07.011
Pienkowski, M., and Eggermont, J. J. (2010). Intermittent exposure with moderate-
level sound impairs central auditory function of mature animals without
concomitant hearing loss. Hear. Res. 261, 30–35. doi: 10.1016/j.heares.2009.
12.025
Pienkowski, M., and Eggermont, J. J. (2012). Reversible long-term changes in
auditory processing in mature auditory cortex in the absence of hearing loss
induced by passive, moderate-level sound exposure. Ear Hear. 33, 305–314. doi:
10.1097/AUD.0b013e318241e880
Pienkowski, M., Munguia, R., and Eggermont, J. J. (2011). Passive exposure
of adult cats to bandlimited tone pip ensembles or noise leads to long-
term response suppression in auditory cortex. Hear. Res. 277, 117–126. doi:
10.1016/j.heares.2011.02.002
Frontiers in Systems Neuroscience www.frontiersin.org December 2013 | Volume 7 | Article 123 | 18
Keating and King Developmental plasticity of spatial hearing
Pienkowski, M., Munguia, R., and Eggermont, J. J. (2013). Effects of passive,
moderate-level sound exposure on the mature auditory cortex: spectral edges,
spectrotemporal density, and real-world noise. Hear. Res. 296, 121–130. doi:
10.1016/j.heares.2012.11.006
Pillsbury, H. C., Grose, J. H., and Hall, J. W. 3rd. (1991). Otitis media
with effusion in children. Binaural hearing before and after correc-
tive surgery. Arch. Otolaryngol. Head Neck Surg. 117, 718–723. doi:
10.1001/archotol.1991.01870190030008
Polley, D. B., Steinberg, E. E., and Merzenich, M. M. (2006). Perceptual
learning directs auditory cortical map reorganization through top-
down influences. J. Neurosci. 26, 4970–4982. doi: 10.1523/JNEUROSCI.
3771-05.2006
Polley, D. B., Thompson, J. H., and Guo, W. (2013). Brief hearing loss dis-
rupts binaural integration during two early critical periods of auditory cortex
development. Nat. Commun. 4, 2547. doi: 10.1038/ncomms3547
Popescu, M. V., and Polley, D. B. (2010). Monaural deprivation disrupts devel-
opment of binaural selectivity in auditory midbrain and cortex. Neuron 65,
718–731. doi: 10.1016/j.neuron.2010.02.019
Qian, T., Jaeger, T. F., and Aslin, R. N. (2012). Learning to represent a multi-
context environment: more than detecting changes. Front. Psychol. 3:228. doi:
10.3389/fpsyg.2012.00228
Razak, K. A. (2011). Systematic representation of sound locations in the primary
auditory cortex. J. Neurosci. 31, 13848–13859. doi: 10.1523/JNEUROSCI.1937-
11.2011
Recanzone, G. H., and Sutter, M. L. (2008). The biological basis of audition. Annu.
Rev. Psychol. 59, 119–142. doi: 10.1146/annurev.psych.59.103006.093544
Russell, F. A., and Moore, D. R. (1999). Effects of unilateral cochlear removal on
dendrites in the gerbil medial superior olivary nucleus. Eur. J. Neurosci. 11,
1379–1390. doi: 10.1046/j.1460-9568.1999.00547.x
Sanes, D. H., Markowitz, S., Bernstein, J., and Wardlow, J. (1992). The influence
of inhibitory afferents on the development of postsynaptic dendritic arbors.
J. Comp. Neurol. 321, 637–644. doi: 10.1002/cne.903210410
Sarro, E. C., and Sanes, D. H. (2011). The cost and benefit of juve-
nile training on adult perceptual skill. J. Neurosci. 31, 5383–5391. doi:
10.1523/JNEUROSCI.6137-10.2011
Schnupp, J., Nelken, I., and King, A. (2011). Auditory Neuroscience: Making Sense of
Sound. Cambridge, MA; London: MIT Press.
Schnupp, J. W., and King, A. J. (1997). Coding for auditory space in the nucleus
of the brachium of the inferior colliculus in the ferret. J. Neurophysiol. 78,
2717–2731.
Seidl, A. H., andGrothe, B. (2005). Development of sound localizationmechanisms
in the mongolian gerbil is shaped by early acoustic experience. J. Neurophysiol.
94, 1028–1036. doi: 10.1152/jn.01143.2004
Seydell, A., Knill, D. C., and Trommershauser, J. (2010). Adapting internal statistical
models for interpreting visual cues to depth. J. Vis. 10:1. doi: 10.1167/10.4.1.
Shepard, K. N., Kilgard, M. P., and Liu, R. C. (2012). “Experience-dependent plas-
ticity and auditory cortex,” in Neural Correlates of Auditory Cognition, ed Y.
Cohen. (New York, NY: Springer), 293–327.
Shinn-Cunningham, B. G., Durlach, N. I., and Held, R. M. (1998). Adapting to
supernormal auditory localization cues. I. Bias and resolution. J. Acoust. Soc.
Am. 103, 3656–3666. doi: 10.1121/1.423088
Silverman, M. S., and Clopton, B. M. (1977). Plasticity of binaural interaction. I.
Effect of early auditory deprivation. J. Neurophysiol. 40, 1266–1274.
Singheiser, M., Gutfreund, Y., and Wagner, H. (2012). The representation of sound
localization cues in the barn owl’s inferior colliculus. Front. Neural. Circuits 6:45.
doi: 10.3389/fncir.2012.00045
Slattery, W. H. 3rd., and Middlebrooks, J. C. (1994). Monaural sound localiza-
tion: acute versus chronic unilateral impairment. Hear. Res. 75, 38–46. doi:
10.1016/0378-5955(94)90053-1
Stange, A., Myoga, M. H., Lingner, A., Ford, M. C., Alexandrova, O., Felmy,
F., et al. (2013). Adaptation in Sound localization: from GABA receptor-
mediated synaptic modulation to perception.Nat. Neurosci. 16, 1840–1847. doi:
10.1038/nn.3548
Strelnikov, K., Rosito, M., and Barone, P. (2011). Effect of audiovisual training
on monaural spatial hearing in horizontal plane. PLoS ONE 6:e18344. doi:
10.1371/journal.pone.0018344
Strutt, J. (1907). On our perception of sound direction. Philos. Mag. 13, 214–232.
doi: 10.1080/14786440709463595
Sumner, C. J., and Palmer, A. R. (2012). Auditory nerve fibre responses in the ferret.
Eur. J. Neurosci. 36, 2428–2439. doi: 10.1111/j.1460-9568.2012.08151.x
Tallal, P., Miller, S. L., Bedi, G., Byma, G., Wang, X., Nagarajan, S. S., et al. (1996).
Language comprehension in language-learning impaired children improved
with acoustically modified speech. Science 271, 81–84. doi: 10.1126/sci-
ence.271.5245.81
Tollin, D. J. (2010). “Development of sound localization mechanisms,” in Oxford
Handbook of Developmental Behavioral Neuroscience, eds M. S. Blumberg, J.
H. Freeman, and S. R. Robinson (New York, NY: Oxford University Press),
263–282.
Tollin, D. J., Ruhland, J. L., and Yin, T. C. (2013). The role of spectral composi-
tion of sounds on the localization of sound sources by cats. J. Neurophysiol. 109,
1658–1668. doi: 10.1152/jn.00358.2012
Tucci, D. L., Born, D. E., and Rubel, E. W. (1987). Changes in spontaneous activ-
ity and CNS morphology associated with conductive and sensorineural hearing
loss in chickens. Ann. Otol. Rhinol. Laryngol. 96, 343–350.
Van Wanrooij, M. M., and Van Opstal, A. J. (2004). Contribution of head
shadow and pinna cues to chronic monaural sound localization. J. Neurosci. 24,
4163–4171. doi: 10.1523/JNEUROSCI.0048-04.2004
Van Wanrooij, M. M., and Van Opstal, A. J. (2005). Relearning sound localization
with a new ear. J. Neurosci. 25, 5413–5424. doi: 10.1523/JNEUROSCI.0850-
05.2005
Van Wanrooij, M. M., and Van Opstal, A. J. (2007). Sound localiza-
tion under perturbed binaural hearing. J. Neurophysiol. 97, 715–726. doi:
10.1152/jn.00260.2006
Viehweg, R., and Campbell, R. A. (1960). Localization difficulty in monaurally
impaired listeners. Ann. Otol. Rhinol. Laryngol. 69, 622–634.
Wakeford, O. S., and Robinson, D. E. (1974). Lateralization of tonal stimuli by the
cat. J. Acoust. Soc. Am. 55, 649–652. doi: 10.1121/1.1914577
Wallace, M. T., and Stein, B. E. (1994). Cross-modal synthesis in the midbrain
depends on input from cortex. J. Neurophysiol. 71, 429–432.
Wallace, M. T., and Stein, B. E. (2007). Early experience determines how the senses
will interact. J. Neurophysiol. 97, 921–926. doi: 10.1152/jn.00497.2006
Webster, D. B. (1983a). Auditory neuronal sizes after a unilateral conductive hearing
loss. Exp. Neurol. 79, 130–140. doi: 10.1016/0014-4886(83)90384-9
Webster, D. B. (1983b). A critical period during postnatal auditory development
of mice. Int. J. Pediatr. Otorhinolaryngol. 6, 107–118. doi: 10.1016/S0165-
5876(83)80111-6
Webster, D. B., and Webster, M. (1979). Effects of neonatal conductive hearing loss
on brain stem auditory nuclei. Ann. Otol. Rhinol. Laryngol. 88, 684–688.
Wen, B., Wang, G. I., Dean, I., and Delgutte, B. (2012). Time course of dynamic
range adaptation in the auditory nerve. J. Neurophysiol. 108, 69–82. doi:
10.1152/jn.00055.2012
Werker, J. (2012). Perceptual foundations of bilingual acquisition in infancy. Ann.
N.Y. Acad. Sci. 1251, 50–61. doi: 10.1111/j.1749-6632.2012.06484.x
Whitton, J. P., and Polley, D. B. (2011). Evaluating the perceptual and patho-
physiological consequences of auditory deprivation in early postnatal life: a
comparison of basic and clinical studies. J. Assoc. Res. Otolaryngol. 12, 535–547.
doi: 10.1007/s10162-011-0271-6
Wightman, F. L., and Kistler, D. J. (1997). Monaural sound localization revisited.
J. Acoust. Soc. Am. 101, 1050–1063. doi: 10.1121/1.418029
Wilmington, D., Gray, L., and Jahrsdoerfer, R. (1994). Binaural processing after
corrected congenital unilateral conductive hearing loss. Hear. Res. 74, 99–114.
doi: 10.1016/0378-5955(94)90179-1
Xu, J., Yu, L., Rowland, B. A., Stanford, T. R., and Stein, B. E. (2012). Incorporating
cross-modal statistics in the development and maintenance of multisen-
sory integration. J. Neurosci. 32, 2287–2298. doi: 10.1523/JNEUROSCI.4304-
11.2012
Yan, J., Zhang, Y., and Ehret, G. (2005). Corticofugal shaping of frequency tuning
curves in the central nucleus of the inferior colliculus of mice. J. Neurophysiol.
93, 71–83. doi: 10.1152/jn.00348.2004
Yaron, A., Hershenhoren, I., and Nelken, I. (2012). Sensitivity to complex
statistical regularities in rat auditory cortex. Neuron 76, 603–615. doi:
10.1016/j.neuron.2012.08.025
Yin, T. C. T. (2002). “Neural mechanisms of encoding binaural localization cues
in the auditory brainstem,” in Integrative Functions in the Mammalian Auditory
Pathway, eds D. Oertel, R. R. Fay, and A. N. Popper (New York, NY: Springer),
99–159.
Frontiers in Systems Neuroscience www.frontiersin.org December 2013 | Volume 7 | Article 123 | 19
Keating and King Developmental plasticity of spatial hearing
Yost, W. A. (1997). “The cocktail party problem: forty years later,” in Binaural and
Spatial Hearing in Real And Virtual Environments, eds R. H. Gilkey and T. R.
Anderson (Mahwah, NJ: Lawrence Erlbaum Associates), 329–347.
Young, E. D., Spirou, G. A., Rice, J. J., and Voigt, H. F. (1992). Neural organization
and responses to complex stimuli in the dorsal cochlear nucleus. Philos. Trans.
R. Soc. Lond. B Biol. Sci. 336, 407–413. doi: 10.1098/rstb.1992.0076
Yu, L., Xu, J., Rowland, B. A., and Stein, B. E. (2013). Development of cortical influ-
ences on superior colliculus multisensory neurons: effects of dark-rearing. Eur.
J. Neurosci. 37, 1594–1601. doi: 10.1111/ejn.12182
Yu, X., Sanes, D. H., Aristizabal, O., Wadghiri, Y. Z., and Turnbull, D. H. (2007).
Large-scale reorganization of the tonotopic map in mouse auditory mid-
brain revealed by MRI. Proc. Natl. Acad. Sci. U.S.A. 104, 12193–12198. doi:
10.1073/pnas.0700960104
Zahorik, P., Brungart, D. S., and Bronkhorst, A. W. (2005). Auditory distance per-
ception in humans: a summary of past and present research. Acta Acust. United
Acust. 91, 409–420.
Zhang, L. I., Bao, S., and Merzenich, M. M. (2001). Persistent and specific influ-
ences of early acoustic environments on primary auditory cortex. Nat. Neurosci.
4, 1123–1130. doi: 10.1038/nn745
Zheng, W. (2012). Auditory map reorganization and pitch discrimination in adult
rats chronically exposed to low-level ambient noise. Front. Syst. Neurosci. 6:65.
doi: 10.3389/fnsys.2012.00065
Zheng, W., and Knudsen, E. I. (1999). Functional selection of adaptive audi-
tory space map by GABAA-mediated inhibition. Science 284, 962–965. doi:
10.1126/science.284.5416.962
Zheng, W., and Knudsen, E. I. (2001). Gabaergic inhibition antagonizes adaptive
adjustment of the owl’s auditory space map during the initial phase of plasticity.
J. Neurosci. 21, 4356–4365.
Zhou, X., and Merzenich, M. M. (2012). Environmental noise exposure
degrades normal listening processes. Nat. Commun. 3, 843. doi: 10.1038/
ncomms1849
Zhou, X., Nagarajan, N., Mossop, B. J., and Merzenich, M. M. (2008). Influences
of un-modulated acoustic inputs on functional maturation and critical-period
plasticity of the primary auditory cortex. Neuroscience 154, 390–396. doi:
10.1016/j.neuroscience.2008.01.026
Zhou, X., Panizzutti, R., De Villers-Sidani, E., Madeira, C., and Merzenich,
M. M. (2011). Natural restoration of critical period plasticity in the juve-
nile and adult primary auditory cortex. J. Neurosci. 31, 5625–5634. doi:
10.1523/JNEUROSCI.6470-10.2011
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 27 October 2013; accepted: 12 December 2013; published online: 27
December 2013.
Citation: Keating P and King AJ (2013) Developmental plasticity of spatial hearing
following asymmetric hearing loss: context-dependent cue integration and its clinical
implications. Front. Syst. Neurosci. 7:123. doi: 10.3389/fnsys.2013.00123
This article was submitted to the journal Frontiers in Systems Neuroscience.
Copyright © 2013 Keating and King. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribu-
tion or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.
Frontiers in Systems Neuroscience www.frontiersin.org December 2013 | Volume 7 | Article 123 | 20
